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Abstract: In recent years, the research on bitumen has reached the nanometer level, but there are
still some problems in the study of the relationship between the atomic force microscope (AFM)
nano-morphology and ageing of bitumen. The purpose of this paper is to find out the effect of
thermal oxygen ageing on the nano-morphology of bitumen. Atomic force microscope (AFM)
test sample of bitumen was prepared in this paper. Area ratio of bee-like structure, roughness,
and maximum amplitude were selected as the nano-morphological parameters of the bitumen.
The calculation method of nano-parameters was also proposed. Bitumen with different ageing
degrees was prepared by thin film oven test (TFOT). Nano-morphological parameters of bitumen
with different ageing degrees were obtained by AFM and analyzed with NanoScope Analysis, and the
relationships between nano-morphological parameters and bitumen technical indexes after ageing,
such as penetration, ductility, softening point, and viscosity were analyzed. The test results show that
the wave crests and wave troughs of the bee-like structure on the surface of the bitumen alternate,
while the other areas are relatively flat. The bee-like structure continues to develop as the ageing time
prolongs, and the number of bee-like structures decreases, but the volume and the undulation degree
increase. With the ageing time prolonging, the nano-parameters of bitumen, such as the area ratio of
bee-like structure, roughness, and maximum amplitude, show a trend of increasing gradually, but
the increasing rates become smaller and smaller. During the ageing process of bitumen, with the
increase of nano-morphological parameters (area ratio of bee-like structure, roughness, and maximum
amplitude), penetration at 25 °C and ductility at 15 °C of the bitumen decrease, and softening point
and viscosity at 60 °C increase. AFM testing technology and image analysis method in this paper can
be used for a reference in the nano-scale study of bitumen.

Keywords: bitumen; thermo-oxidative ageing; nano-morphology parameters; bee-like structure;
technical indices

1. Introduction

Bitumen ageing refers to a series of physical and chemical changes that occur under the natural
climatic conditions of light, oxygen, and water during the production, construction, and use [1-3].
Thermo-oxidative ageing accounts for more than 80% of the total life cycle ageing of bitumen [4-6].
Rotating thin film oven test (RTFOT) or thin film oven test (TFOT) is usually used to simulate the
short-term ageing process of bitumen [7]. The technical indexes of bitumen after ageing have changed
to a certain extent. Current studies suggest that the change in bitumen components is the cause of
ageing [8-11]. Some of the light components, such as saturate and aromatic, are volatilized, and some
of them are converted into resins, while some of the resins are converted into asphaltenes with larger
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molecular weight and greater hardness [12-14]. Zhang et al. [15] used the method of prolonging ageing
time to obtain the ageing degree and ageing rate of bitumen in different periods. Poulikakos et al. [5]
reported that the short-term ageing temperature had a significant effect on long-term chemical and
rheological properties. Nare et al. [4] reported that the rheological properties of bitumen depended on
its age state as related to thermal history. Hung and Fini [16] considered that absorption spectroscopy
was useful to determine the extent of ageing resembling multiple periods of service life for bitumen.
With the gradual development of micro-testing technology, the research on bitumen ageing has changed
from macro-performance to micro-parameters [17].

In recent years, atomic force microscope (AFM) technology has been widely used in the field of
bitumen testing [18,19]. Compared with scanning electron microscope (SEM), AFM test conditions
do not require vacuum, avoiding volatilization, or sputtering of light components in bitumen [20].
More importantly, the AFM images have nanometer-scale high resolution, which can clearly observe
the nano-morphological characteristics of bitumen [21,22]. In the AFM image, the bitumen has a
structure similar to that of the bee body, which Loeber [23] named the bee-like structure. At present,
there are still controversies about the formation mechanism of the bee-like structure [24]. There are two
main viewpoints. Viewpoint 1 is that wax is the cause of the formation of bee-like structure, viewpoint
2 is that asphaltene is the root cause of the formation of bee-like structure [25-27]. Viewpoint 2 has been
accepted by more and more scholars. The relationship between the nano-morphology characteristics
of bitumen represented by bee-like structure and the macro-technical indexes of bitumen has become a
hot topic. Huang et al. [28] observed the changes of bee-like structure in the process of loading by using
AFM. Dai et al. [29] found that the number of bee-like structures decreased during ageing. Yu et al. [7]
reported that the main reason for the nanomechanical changes during ageing or regeneration was the
change of chemical composition of bitumen. Zhang et al. [17] considered that the ageing increased
the surface stiffness, so the ageing affected the bitumen nano-morphology significantly. In summary,
there are still some problems in the study of the relationship between the AFM nano-morphology and
ageing of bitumen [28,30,31].

(1) Lack of parameters and methods for quantitative analysis of nano-morphological parameters
of bitumen;

(2) The effect of ageing on the nano-morphology of bitumen is not clear enough;

(3) The quantitative relationship between bitumen nano-morphology and technical indexes after
ageing is not clear.

The purpose of this paper is to find out the effect of thermal oxygen ageing on the nano-morphology
of bitumen. The research contents include the nano-morphological parameters of bitumen for
quantitative analysis, the effects of ageing on the nano-morphology parameters of bitumen, and
the quantitative relationship between bitumen nano-morphology and technical indices after ageing.
The AFM testing technology and image analysis method in this paper can be used for reference in the
nano-scale study of bitumen. The qualitative relationship between the nano-morphological parameters
and the technical indexes of bitumen after ageing was clarified by the test results and the influence law
of ageing on the nano-morphological parameters of bitumen was revealed.

2. Materials and Methods

In this paper, the preparation method of AFM samples of bitumen was designed. The area
ratio of bee-like structure, the roughness, and the maximum amplitude were selected as the
nano-morphological parameters of the bitumen. The calculation method of nano-parameters was also
proposed. The bitumen with different ageing degrees was prepared by TFOT. The nano-morphological
parameters of bitumen with different ageing degrees were obtained and analyzed, and the relationships
between nano-morphological parameters and bitumen technical indexes after ageing were analyzed.
Figure 1 is the technology roadmap of this paper.
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Figure 1. Technology roadmap of this paper.
2.1. Bitumen

The bitumen used in this paper was A-90 bitumen, which was produced by Sinopec Qilu
Petrochemical Company (Zibo, China). The technical indexes are shown in Table 1.

Table 1. A-90 bitumen technical indexes.

Test Items Measured Value Standard [32]
Ductility at 10 °C, cm 97.5 £30
Viscosity at 60 °C, Pa-s 204.8 <160
Ductility at 15 °C, cm >100 <100
Penetration at 25 °C, 0.1 mm 86.6 80-100
Density, g/cm? 0.998 -

Softening point, °C 45.0 #45

Residue Ductility at 15 °C, cm 294 £20

TFOT Quality loss, % 0.1 +0.8
Residue penetration ratio, % 71.8 £57%

TFOT: Thin Film Oven Test.

2.2. Preparation of Atomic Force Microscopes (AFM) Samples

In this paper, the thermo-oxygen ageing treatment of asphalt was carried out by thin film oven
(model number, LBH-1) which was produced by Nanjing Soil Instrument Factory CO., LTD. (Nanjing,
China). The temperature of bitumen during the test was 163 °C, the turning disc rotated at a speed of
5.5 £ 1 r/min on the horizontal plane, and the tilt angle between the turning disc and the horizontal
plane was not more than 3°. The existence of the angle helps the bitumen to form a film during the
rotation process, which contributes to the ageing process. An angle of not more than 3° is helpful to
the uniformity of bitumen film. The test equipment and test conditions are shown in Figure 2.
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Figure 2. The test equipment and test conditions.

The AFM samples were prepared by using the aged bitumen, and the steps are shown as
follows [20,33,34]. Firstly, at the temperature of 145 °C, the bitumen was picked up by a glass rod and
dropped on the glass slide. Secondly, the slide was moved to the horizontal frame, and the bottom was
heated slightly to make the bitumen lie flat. Finally, the samples were cooled at room temperature
for 15 min, and the surface of the bitumen was covered with a glass container to prevent samples
contamination. Photograph of the AFM sample preparation process is shown in Figure 3.

@) (b)

Figure 3. Photograph of the atomic force microscope (AFM) sample preparation process. (a) bitumen;

(b) horizontal treatment; (c) Dust-proof treatment.
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2.3. Atomic Force Microscope (AFM) Test Conditions and Methods

The AFM used in this paper was produced by Bruker Company (Rheinstetten, Germany).
The measurement principle is that the force between the probe of the cantilever and the atom of the
sample is sensed and amplified by a micro-cantilever, so as to achieve the purpose of detection with
atomic resolution [35]. The test conditions are shown in Table 2.

Table 2. Test conditions of atomic force microscope (AFM).

Test Conditions Value
Scan size 10 pm X 10 pm
Temperature 25°C
Samples number 255
Scan rate 25Hz
Drive amplitude 300.00 mV

Scan size determines the scanning range. Temperature is a necessary parameter for experiments,
the results are different at different temperatures. Samples number is the number of sampling points.
Scan rate is the rate at which the needle tip scans back and forth on the surface. Drive amplitude
determines the height range.

2.4. Test Methods

TFOT was carried out on the bitumen. The ageing time was 0 h,2.5h,5h,7.5h,10h, 15h, and
20 h, respectively [36—40]. TFOT is known as a short-term ageing test method. Although the ageing of
the bitumen after mixing and transportation processes occurs at lower temperatures, the final results
of ageing are similar. For example, TFOT ageing for 20h is equivalent to the ageing of bitumen at the
end of its life. The bitumen samples with different ageing time were determined by AFM, and the
penetration, ductility, softening point, and viscosity of the bitumen after ageing were tested.

2.4.1. Analysis Nano-Morphological Characteristics of Bitumen

The nanoscope analysis software was used to analyze the AFM images, the three-dimensional
height images, the two-dimensional height images, the amplitude images, and the phase images could
be obtained, as shown in Figure 4.

The three-dimensional image in Figure 4 can reflect the height fluctuation of the bitumen surface in
a three-dimensional manner. The size and distribution of the bee structure on the bitumen surface can
be found in the two-dimensional height image. The amplitude image reflects the degree of hardness
and softness of bitumen materials in different areas. It can be seen from Figure 4b that there are bee-like
structures on the bitumen surface, and the height of the bee-like structure is relatively high, while the
fluctuation of other areas is basically flat. The surface characteristics of the bee-like structure are shown
in Figure 5 [20-22].

As can be seen from Figure 5, the bee-like structure of the bitumen is generally oval [23], similar
to the body of bees. The bee-like structure is basically perpendicular to the bitumen-air interface,
showing a high-low fluctuation. As can be seen from Figure 5b, the wave crest and wave trough of a
single bee-like structure alternately appear in three-dimensional space. In order to better describe the
characteristics of the bee-like structure, the representative areas in bitumen AFM images were chosen
and analyzed by using the section function of nanoscope analysis. The results are shown in Figure 6.
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Figure 4. Atomic force microscope (AFM) images of bitumen without ageing. (a) three-dimensional
height image; (b) Two-dimensional height image; (c) amplitude image; (d) Phase image.

0.0 (a) 10um (b)

Figure 5. Bee-like structure image. (a) the interception point of the bee structure; (b) the three-dimensional
height image corresponding to the interception point.
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Figure 6. Height curves of representative areas in bitumen atomic force microscope (AFM) images
(a) area selection; (b) height curves; (1) away from bee-like structure area; (2) bee-like structure and
adjacent area; (3) and (4) bee-like structures.

Three different types of areas are selected in Figure 6a, the area away from the bee-like structure,
the bee-like structure and adjacent area, and the bee-like structures. Figure 6b contains the surface
height curves of different areas, and it is shown by area 1 that the height change range of the bitumen
surface away from the bee-like structure area is very small. The surface height of the bee-like structure
fluctuates greatly, but once it leaves the range of the bee-like structure, the surface height fluctuates
will rapidly decrease. The bee-like structure in the AFM image is composed of wave crest and wave
trough. The wave crest is bright and the wave trough is dark.

2.4.2. Nano-Morphological Parameters

Based on the analysis of nano-morphology of bitumen, three nano-morphological parameters,
such as the area ratio of bee-like structure, the roughness, and the maximum amplitude, are proposed
in this paper. A brief explanation is as follows.

o The Area Ratio of Bee-like Structure

The bee-like structure is a unique nanostructure of bitumen, and its quantity and area may be
related to the technical indexes of bitumen. In this paper, the area ratio of the bee-like structure in the
AFM image was measured and calculated by the following methods: Firstly, the bee-like structure in
the AFM image is removed by using Photoshop software as shown in Figure 7a,b [41]; Secondly, the
measure function of Image-Pro-Plus software is used to encode the bee-like structure and read the
pixel points P;, as shown in Figure 7c,d [42,43]; Finally, the area ratio of the bee-like structure can be
calculated according to Equation (1). All the images in this paper are 256 X 256 pixels, and the pixels
are not changed during image processing.

i
Ppsa =Y Pi/P, % (M)
1

where Ppgy is the area ratio of bee-like structure; P; is the area of bee-like structure which is encoded
number i; P is the total area of the AFM image.
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0.0 (c) 10pm (d)

Figure 7. Bee-like structure area measurement. (a) two-dimensional bitumen atomic force microscope
(AFM) image; (b) bee-like structure removal image; (c) calculation image of bee-like structure area;
(d) partial enlargement image of calculation results of bee-like structure).

e The Maximum Amplitude

In the bitumen AFM image, the height of the bee-like structure fluctuates along its major axis [44].
It is not difficult to find that the surface height of the bee-like structure fluctuates in the form of
waves, and the wavelength is basically the same, but the wave crest and wave trough are different.
The maximum height difference between the wave crest and wave trough is defined as amplitude, as
shown in Figure 8.

Amplitude response is the intensity of fluctuation of bee-like structure, and it is also a parameter
to describe the development of the bee-like structure. The maximum amplitude of bee-like structure
can be obtained by measuring all bee-like structures in the AFM image.

e The Roughness

The area ratio of the bee structure can be described as the proportion of the area of the bee structure
in the two-dimensional image. The degree of the single bee structure development can be described by
the amplitude. However, in the three-dimensional image, the surface area of the bee structure needs to
include the two-dimensional area and three-dimensional amplitude of the bee structure. Fortunately,
the roughness just meets these two requirements. In this paper, the root means square roughness is
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used to describe the surface structure characteristics of bitumen. The calculation method is shown in
Equation (2) [44].

1/2
(WG, y) ~holdA

JJdA

where A is the scanning area, 10 um x 10 um in this paper; h(x, y) is the height equation, nm; hy is the
reference height, and its equation is shown in Equation (3) [45].

I [ h(x, y)dA
T [daA
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Figure 8. The maximum amplitude.

3. Nano-Morphological Parameters and Technical Indexes of Aged Bitumen

3.1. Nano-Morphological Parameters Test Results of Aged Bitumen

The A-90 bitumen samples with different ageing time were tested by AFM. The three-dimensional
nanoscopic images of A-90 bitumen under different ageing time are shown in Figure 9.

With the ageing time prolonging, the number of the bitumen bee-like structure decreases gradually,
but the bee-like structures aggregate with each other to form larger bee-like structures. Relevant studies
have shown that the existence of asphaltene is an important cause of the formation of the bee-like
structure. During the bitumen ageing process, some light components volatilize, some aromatics
change into resins, and some resins are converted into asphaltenes. The asphaltenes will move closer
together and agglomerate due to the increase in the proportion of asphaltenes, thereby, the number
of bee-like structures will reduce and the volume will increase. These phenomena also indicate that
ageing can promote the development of the bee-like structure [46—49]. The relationship between
nano-morphological parameters and ageing time is shown in Figure 10.
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Figure 9. The three-dimensional nanoscopic images of A-90 bitumen under different ageing time.
(a)0h; (b)2.5h; (c) 5h; (d) 7.5 h; (e) 10 h; (f) 15 h; (g) 20 h.
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Figure 10. The relationship between nano-morphological parameters and ageing time. (a) the area

ratio of bee-like structure; (b) the roughness; (c) the maximum amplitude.
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Figure 10 shows that as the ageing time is prolonged, the area ratio of the bee-like structure
increases gradually and tends to be stable after ageing time is longer than 15 h. The surface roughness
increases with ageing time and tends to be stable after ageing time is longer than 15 h. The maximum
amplitude has a similar regular pattern and does not increase after ageing for 10 h. The change of
nano-morphological parameters indicates that the bee-like structure has been further developed during
the ageing process. It can be concluded that ageing has an effect on the nano-morphology of asphalt.
During the ageing of the bitumen, the composition continuous changes. Saturate and aromatic are
continuously volatilized and partially converted into the resin, some of which are converted into
asphaltenes. Also, asphaltenes aggregate with each other.

3.2. Relation Between Nano-Morphological Parameters and Technical Indexes of Bitumen After Ageing

Ageing also affects the pavement performances of bitumen. In this paper, the relationship between
nano-morphological parameters and pavement indexes of A-90 bitumen before and after ageing was
established based on the test results. The bee-like structure and penetration, ductility, softening point,
and viscosity of A-90 bitumen are shown in Figure 11.
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Figure 11. The relationships between the area ratio of the bee-like structure and technical indexes.
(a) penetration at 25 °C; (b) softening point; (c) ductility at 15 °C; (d) viscosity at 60 °C.
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Figure 11 shows that the area ratio of the bee-like structure has a certain correlation with
penetration, ductility, softening point, and viscosity of A-90 bitumen. With the increases in the area
ratio of bee-like structure, the penetration of bitumen decreases, the softening point increases, and the
viscosity at 60 °C increases. Penetration and softening point are the evaluation indexes of bitumen
viscosity under specific conditions, and viscosity at 60 °C is a direct evaluation index of bitumen
viscosity, therefore, the area ratio of the bee-like structure is bound to be related to the viscosity of
asphalt, i.e., the bigger the area ratio of the bee-like structure, the bigger the viscosity of the bitumen.
The area ratio of the bee-like structure is linear with the bitumen ductility (correlation coefficient is
87.02%), i.e., the bigger area ratio of the bee-like structure, the smaller the ductility at 15 °C of bitumen.

The relationships between the roughness and technical indexes of A-90 bitumen are shown in
Figure 12.
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Figure 12. The relationships between the roughness and technical indexes. (a) penetration at 25 °C;
(b) softening point; (c) ductility at 15 °C; (d) viscosity at 60 °C.

It can be seen from Figure 12 that with the increases of roughness, the viscosity at 60 °C and the
softening point of A-90bitumen increase obviously, while the penetration at 25 °C and the ductility
at 15 °C decrease. However, compared with the correlation between the area ratio of the bee-like
structure and the bitumen technical indexes, the relationship between roughness and technical indexes
is relatively discrete. The reason for this phenomenon is probably due to the change in bitumen
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composition. The increase in asphaltene content is likely to be the main reason. During the ageing of
the bitumen, the composition continuous changes. Saturate and aromatic are continuously volatilized
and partially converted into the resin, some of which are converted into asphaltenes. Also, asphaltenes
aggregate with each other.

The relationships between the maximum amplitude and technical indexes of A-90 bitumen are
shown in Figure 13.
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Figure 13. The relationships between the maximum amplitude and technical indexes. (a) penetration
at 25 °C; (b) softening point; (c) ductility at 15 °C; (d) viscosity at 60 °C.

The maximum amplitude is intrinsically related to the development of the bee-like structure.
The larger the single volume of the honeycomb structure, the larger the maximum amplitude.
The bee-like structure of bitumen after ageing is well developed and the larger the area ratio of the
bee-like structure, the larger the maximum amplitude. As shown in Figure 13, the relationship between
the maximum amplitude and bitumen-related technical indexes are similar to that between the area
ratio of the bee-like structure and bitumen-related technical indexes. With the increase of the maximum
amplitude, the penetration at 25 °C decreases, the softening point increases, the ductility at 15 °C
decreases, and the viscosity at 60 °C increases.
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4. Conclusions

In this paper, the preparation method of AFM samples of bitumen was designed. Area ratio
of bee-like structure, roughness, and maximum amplitude were selected as the nano-morphological
parameters of the bitumen. The calculation method of nano-parameters was also proposed.
Bitumen with different ageing degrees was prepared by TFOT. Nano-morphological parameters
of bitumen with different ageing degrees were obtained and analyzed, and the relationships between
nano-morphological parameters and bitumen technical indexes after ageing were analyzed.

(1) In the AFM image of bitumen, the bee-like structure height of bitumen is constantly changing,
with alternating wave crests and wave troughs, but the height of the areas away from the bee-like
structure is relatively stable.

(2) As the ageing time of the bitumen is prolonged, the bee-like structure on the bitumen surface
has been further developed, i.e., the bee-like structures are aggregated mutually to form a larger
bee-like structure.

(3) With the ageing time prolonging, the nano-morphological parameters of bitumen, such as the
area ratio of bee-like structure, the roughness, and the maximum amplitude, increase gradually, but
the growth rate is smaller and smaller with the ageing time prolonging.

(4) There is a close relationship between the nano-morphological parameters and the technical
indexes of bitumen. During the ageing process of bitumen, with the increase of nano-morphological
parameters (the area ratio of bee-like structure, the roughness, and maximum amplitude), the
penetration at 25 °C and the ductility at 15 °C of the bitumen decrease, the softening point and the
viscosity at 60 °C increase.
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