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ABSTRACT

Corrosion commonly happened on the surface of steel slag during the weathering and
accumulation process, whose products would form weak points and affect the interface
between bitumen and steel slag. To clear its characteristics in the atomic scales, the interface
between bitumen and corrosion products was investigated by molecular dynamics (MD)
simulations. Firstly, bitumen model, corrosion products model and bitumen-corrosion
products systems were constructed. Different simulated temperatures were applied on the
systems to reach equilibrium with NVT (constant number of atoms, volume, and temperature)
ensemble. The interaction effect in the interface were evaluated by geometric adsorption index,
interaction energy, adhesion work and surface free energy. Diffusion coefficient and relative
concentration were used to evaluate the diffusion and aggregation. Finally, the pull-out test
was conducted on the equilibrium models to determine the debonding behaviors at the
interface. The results show that the interaction effect in Bitumen-FeO system was the strongest
while that in Bitumen-FeOOH system was the weakest, which can be proved by surface free
energy and debonding behaviors. The temperature changing would affect van der Waals
energy but had no obvious association with coulombic energy. The adhesion between bitumen
and corrosion products was contributed by non-bond interaction energy which consisted of
van der Waals interaction for FesOs, Fe2Os and FeOOH, and van der Waals and electrostatic
interaction for FeO. The most severe aggregation of bitumen occurred in Bitumen-FeO system,

which was more likely caused by electrostatic interaction. Furthermore, the change of velocity



34

35

36

37

38
39
40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

and thickness led to the failure transformation from cohesion to adhesion. The strong
interaction in Bitumen-FeO system increase the possibility of cohesion failure in the debonding

process.

Key words: Adhesion, Steel slag, Corrosion product, Asphalt mixture, Molecular dynamic

1 Introduction

Asphalt concrete have been widely applied in the pavement engineering widely for its
outstanding service characteristics including comfort driving, low noise, superior skid
resistance, simplicity of maintenance [1]. In Europe, more than 90% of roads are constructed
with asphalt concrete, supporting 80% of passenger transportation and 70% of inland cargo
transportation [2,3]. Also, there are over 1.2 million kilometers of asphalt concrete pavement in
China that sustains the whole transportation system [4]. Along with the globalization of trade
and economic, more road tasks including construction and maintenance are being needed to
undertake the transportation flow. However, the tasks would significantly consume lots of
resources, especially the natural aggregate which accounts for 95% of the asphalt concrete in
weight. The consumption will cause severe damages to the environment eventually. Therefore,
the development of harmless, green and sustainable materials for pavement engineering has
become the emergency.

In the recent years, recycling solid wastes into pavement engineering have been widely
accepted as an effective approach to reduce exploitation of natural resources and eliminate
pollution to environment [5,6]. Steel slag, the classical solid waste produced during the
steelmaking process, have been proved its feasibility of application as aggregate in asphalt
concrete. The previous studies have proved the success of recycling steel slag as coarse and fine
aggregates, and reusing steel slag powders as the fillers in asphalt concrete of different
gradations, micro-surfacing, chip seals and thin friction course [7-10]. Commonly, the excellent
service performances of steel slag asphalt concrete are contributed by the pores structure and
the high alkalinity to strength the steel slag-bitumen interface [11-13]. Shen et al. have
investigated the mechanism of adhesion property between steel slag and rubber modified

asphalt and proved its better adhesion property than the natural aggregate like diabase [14].
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Cui et al. have applied active adhesion evaluation method (AAEM) on the adhesion evaluation
of aggregate and bitumen, and also enlarged superior adhesion characteristic of steel slag
compared to basalt [15]. Liu et al. have claimed that the adhesion performance between the
bitumen and steel slag were improved by chemical reactions due to amine and amide N-H
stretching vibrations and SiOH stretching vibrations [16]. Furthermore, different investigations
of the interface interaction between steel slag and bitumen have been also reported. Guo et al.
have evaluated the long-term water stability of asphalt mixtures containing steel slag aggregate,
and the results show that proper addition of steel slag would enhance the water stability but
the steel slag could hydrate and produce microcracks on the surface, which would finally result
in the failure of the interface [17]. Coomarasamy and Walzak found that the debonding of the
interface between steel slag aggregate and asphalt mastic in asphalt pavement happened
randomly, and the formation of calcium carbonate (CaCOs)-rich deposits at the surface of some
SSA particles in moist condition caused cracks [18]. It was inferred that some SSA particles have
free calcium oxide (f-CaO) at the surface, which is the main cause for the CaCOs-rich deposits,
because f-CaO can be transformed into CaCOs by reacting with water and carbon dioxide (COz)
in moist condition. Therefore, the random destruction of the interface between steel slag and
bitumen still presents challenges to researchers.

In fact, the formation and accumulation of iron mineral are also the reasons and important
beginning of adhesion failure apart from hydration of steel slag. Though some research has
claimed that the possibility of the rust formation of steel slag aggregate is low; in fact, it is
closely related to the composition of steel slag caused by the production process [19]. Steel slag
is complex mixture that mainly consists of the elements of Ca, Fe, Si, and O, and the nonmetallic
oxides such as CsS and C2S are the main components in steel slag [20]. However, it can be found
that there are still some iron simple substance and iron oxide existing in the steel slag, especially
the steel slag processed by imperfect treatment processes in developing countries [21]. Iron
simple substance is considered as the residual product after steelmaking, magnetic separation,
and crush process due to the difference in the production technique. The formation and existing
form of iron oxide are more complicated, and the possible source is steel slag’s long-term
outdoor complex aging. Figure 1 shows the aged steel slag sample obtained from Hunan Valin

Steel Co., Ltd. It can be found that there is enough elemental iron in the steel slag, so that it can
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be attracted by the magnet. Meanwhile, rust is attached on the surface of steel slag obviously.
The iron materials will be reacted with the environment easily during the weathering and
accumulation treatment. The reaction would result in severe corrosion and generate the
corrosion products in crystal form. The corrosion products would be changed according to the
different environment, for example that the corrosion products consist of the crystal substances
like magnetite, goethite, lepidocrocite when iron materials are exposed to saline-alkali
environment [22,23]. The inner layer of corrosion products was composed of magnetite, while
the outer layer of which was mainly composed of goethite and lepidolite [24]. In the process of
mixing, the interface between these corrosion products and bitumen is not close enough, and
the weak bonding cause weak interface and stress concentration easily, which makes it more
easily being destroyed. Furthermore, the occurrence and growth of the corrosion products
would replace the position of steel slag in the original interface, which would also damage the
strong interface interaction between bitumen and steel slag possibly. However, there are few
investigations on the interface of corrosion products and bitumen, Therefore, it is necessary to

investigate the interface between bitumen and corrosion products on steel slag.
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Figure 1 Steel slag sample from Hunan Valin Steel Co., Ltd after weathering: (a) Steel slag

Steel slag

attracted by magnet; (b) Corrosion products on the steel slag surface

Molecular Dynamics (MD) simulation is the method that is suitable for the adhesion failure
caused by the movements and dislocation of nanoparticles. The MD method is a well-

established tool for investigating atomic motions at the molecular scale [25]. It describes the
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motions and positions of atoms based on Newton's second law. During the simulation,
empirical force-field equations are used to describe interatomic forces, electron interactions,
and other energies. The MD method can describe various scales and indicators, such as the
change in energy of the proton system, mean-square displacement of the atomic system, and
adsorption state between atoms [26,27]. These indicators are physical quantities that have been
demonstrated to be describable by MD, both theoretically and experimentally [28-30]. In
contrast to the phenomenological method usually applied for deformation, spalling, and
cracking, it isn’t restricted by experimental methods and specimen preparation conditions and
can effectively reduce the shortcomings of macroscopic scales [31]. Several studies conducted
by MD simulation have been carried out to investigate the interaction between bitumen and
crystal substances. Gao et al have evaluated the adhesion properties and debonding behaviors
of bitumen-mineral interface systems of four representative minerals (quartz, calcite, albite and
microcline) with and without water [32]. Huang et al studied the diffusion law of bitumen on
the surface of two typical minerals of aggregate (SiO:2 and CaO) and interfacial behaviour at
microscale [33]. Guo et al, Gao et al and Zhao et al have investigated the interfacial adhesion
behavior between mineral crystal and SBS modified asphalt, rubber asphalt, epoxy resin
emulsified asphalt and polyurethane-modified asphalt respectively [34-37]. Sun et al analyzed
the interfacial interaction mechanism between three bitumen of different SARA components
content and metal oxides crystal (CaO, MgO, Al2Os and Fe20:s) [38]. The previous research have
proved the successful application of MD method in the adhesion investigation between
bitumen and crystal substances. Moreover, there are also a few molecular dynamics studies on
the adhesion interface between steel slag and bitumen. Liu et al conducted tricalcium silicate
(CsS) as the main component as steel slag to simulate the distribution and adhesion of asphalt
components on steel slag [39]. Zhou et al chosen (5iO2)2 with ICSD No. 81097 as the steel slag
to investigate surface and interface adhesive properties between steel slag and bitumen [40]. It
can be found that the current research mainly focused on the interaction between bitumen and
major mineral crystal, a few work has investigated that of bitumen and steel slag, and there is
almost no research about the adhesion and debonding of the bitumen-corrosion products
interface at the molecular scale. As a result, there is necessity for understanding the interface

characteristics of bitumen-corrosion products at the molecular scale, which would be
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investigated in the study.

The main purpose of this research is to investigate the interfacial characteristics between
bitumen and corrosion products by MD simulations. The bitumen model and corrosion
products of Fe20s, FesOs, FeO and FeOOH were built firstly. Then bitumen-corrosion products
systems were constructed, and different simulated temperatures were applied to reach
equilibrium. The interaction in bitumen-corrosion products systems was evaluated by
geometric indexes, interaction energy, adhesion work and surface free energy. Diffusion and
aggregation of bitumen on the surface of corrosion products were analyzed by diffusion
coefficient and relative concentration. Finally, the pull-out test was conducted to investigate

the debonding process.

2 Molecular dynamic simulation
2.1 Model establishment

Bitumen is a by-product of the crude oil refining process, which is produced by separating
lighter fractions from heavy crude oil. It results that bitumen is the typical hydrocarbon mixture
made up of a variety of functional groups and atoms such as oxygen, nitrogen, and sulfur.
Based on the different molecular sizes and solubility, the bitumen can be classified into four
components (asphaltene, saturate, aromatic, and resin) that can be represented by one or more
molecules to form the molecular model for bitumen. The AAA-1 bitumen model proposed by
Li and Greenfield has 12 components (as shown in Figure 2) and its rheological and mechanical
properties were proved closer to experimental data compared with previous models [41].
Therefore, the AAA-1 bitumen model was determined to be used in this research. Figure 2
lists the parameters of represented components in detail.

Materials studio software was used for the model establishment and thermodynamic
properties calculation. 12-components molecules models for bitumen were built in 3D
Atomistic. Condensed-phase optimized molecular potentials for atomistic simulation studies
(COMPASS) was selected as the force field, which can predict and calculate the structure and
thermophysical properties of common inorganic and organic system over a large temperature
and pressure range [42]. The model was constructed with the following step: Firstly, the model

was constructed by Amorphous Cell tools with an initial density of 0.1 g/cm? under the three-
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dimensional cycle condition. The geometric optimization with 5000 iterations was followed to
eliminate unreasonable configurations in the model, leveling off the energy of the molecule to
reach minimum energy. Then, Forcite tools was used to reach dynamic equilibrium for the
stable structure and density, where a canonical ensemble (NVT, constant molecule number,
model volume, and temperature) with 298 K, 1 fs time step for 100 ps and an isothermal-
isobaric ensemble (NPT, constant atomic number, pressure, and temperature) with 298 K and
1.0 atm were conducted successively. The temperature and pressure of the block were
controlled by Andersen barostat and Nose-Hoover-Langevin thermostat. Moreover, the Ewald
with the accuracy of 0.001 kcal/mol and Atom-based with the cutoff distance of 15.5 A are
assigned as the Electrostatic and van der Waals summation method. Finally, the models have
been established for further performance prediction and analysis in terms of thermodynamics
parameters, structural characteristics, and dynamic behaviors. The rationality and reality of

this model have been proved in our previous studies [31].
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Figure 2. 12-components molecules models for bitumen and the components numbers

Commonly, the corrosion products are mainly composed of Fe20s, FesO4, FeO and FeOOH
[43,44]. In this research, different corrosion products, rather than isomers of the same products,
are the focus, therefore a-Fe20s (Hematite), FesO4 (Magnetite), FeO and a-FeOOH (Geothite)
were firstly selected as the corrosion products. The unit cell constants and unit cell structure
models of Fe20s, FesO4, FeO and FeOOH used in this study were shown in Table 1 [45-48]. The
lattice structure of a-Fe20s is hexagonal close packing. The cell contains two Fe®* ions and three

O% ions. Each Fe* ion is surrounded by eight O* ions and four adjacent Fe3 ions. Each O* ion
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is surrounded by two Fe¥ ions. Fe? ions form triangular layers and O? ions fill the gaps of
these layers. The crystal structure of FesOs is face-centered cubic system, and there are eight
iron ions and sixteen O% ions in the structure cell. In the crystal structure of FeO, the
arrangement of iron ions and oxygen ions is very orderly. Each iron ion is surrounded by six
oxygen ions, and each oxygen ion is also surrounded by six iron ions. a-FeOOH is an
orthogonal crystal system, and the unit cell of a-FeOOH contains four FeOOH, in which the
anions in the structure of a-FeOOH are arranged in hexagonal close packing, and each Fe?* and

its surrounding anions form FeOs(OH)s octahedron.

Table 1. Unit cell of corrosion products and lattice parameters

Corrosion
FexOs FesOs FeO FeOOH
Products
ot | el
B> i ull
Unit cell ;l'.‘!r"rl e ."n
structure Ll LT )
"lllg;.; &b A
a=5.035A a=8394 A a=4332 A a=4.604 A,
Unit cell b=5.035 A, b=8.394 A b=4332A b=9.951 A,
constants c=13.720 A; c=8394 A; c=4.332 A; c=3.019 A;
oa=B=90° v=120° o=p =y=90° o=p =y=90° o=p =y=90°

The supercell models of corrosion products were also established by Materials studio
software and the steps were as follows: Firstly, an orthorhombic lattice was converted into an
orthorhombic lattice. The plane's crystal face was sliced using the Cleave Surface tool with
specific Miller index where (1 0 0) was for FesOs, FeO, (1 1 0) was for Fe20s and (0 1 0) was for
FeOOH. The reason for the adoption of crystallographic surface plane was that these
crystallographic surfaces showed the least lattice mismatch shown in the previous research that
adsorption and diffusion of organic molecules happened on iron oxide surfaces, meanwhile
the oxygen ions were full bulk-coordination on the surfaces [49-51]. Then, before performing
energy reduction on the unit cell structure, it was necessary to ensure that the COMPASS force

field of each atom in the corrosion products unit cell was accurately assigned and that chemical



222

223

224

225

226

227

228
229

230

231
232
233

234

235

236

237

238

239

240

241

242

243

linkages between atoms were deleted. Finally, the optimized unit cell model was enlarged to a
supercell model and a certain vacuum layer was added. The establishment of the supercell
model of Fe20s molecule was as an example shown in Figure 3 (a), and the supercell models of
corrosion products and their parameters were shown in Figure 3 (b). The interface model has
three layers: a corrosion products layer as the foundation, a bitumen layer on top of the
corrosion products layer, and a 50 A vacuum layer on top of the bitumen layer. Figure 3 (c)

shows four interface models.

(a)

Force field optEi:-lei;a jon Supercell

(b)

2 f 1 » ] f

Fe,0, Fe;0,4
41.160x40.280x17.296 (A) 41.548x41.548x16.747 (A)

FeOOH
42.885x42.885x15.162 (A) 42.272x41.437x18.836 (A)

Bit, Fe,0, Bit Fe,0,

Bit -FeOOH
system system system system

Figure 3. The establishment of models: (a) Supercell model of Fez0s; (b) Supercell model of
corrosion products; (c) Bitumen-corrosion products interface models

2.2 Simulation conditions

In this study, a classical molecular dynamics code: the large-scale atomic/molecular
massively parallel simulator (LAMMPS) was used to perform the simulation. The polymer
consistent force field (PCFF) was chosen for bitumen simulation, which has been validated to
describe the organic, inorganic, and organic-inorganic interface systems. The force field is an
empirical expression of the potential energy surface, and the total energy of the molecules is
the sum of kinetic energy and potential energy. Moreover, the total potential energy is
composed of bond angle bending potential energy, bond stretching potential energy, dihedral
angle twisting potential energy, off-plane vibration potential energy, van der Waals potential

energy and Coulomb electrostatic potential energy, shown in Equations (1).
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Epotential = ). E(,0,0)+ ) E,(0)+ ) E,(9)

cross bond torsion (1)
£ Ep@+ ) E(0)+Eaet Fuaw

angle inversion

where Ejgtential 1S the total energy; Y. oss E(b,6,p) represents the cross term potential
energy; Ynond Ep(b) is the bond stretching potential energy; Y.iorsion Ep(@) is the dihedral
angle twisting potential energy; Xange Eg(6) is the bond angle potential energy;
Yinversion Ex(x) is the off-plane vibration potential energy; E is the Coulomb electrostatic
potential energy and E,g, is the van der Waals potential energy. The interaction between
bitumen and corrosion products can be described by the 6/9 Lennard—Jones potential, as shown

in Equations (2)-(3). The LJ 9-6 and Coulombic interactions are truncated to 10 A and 8 A.

a4

Eele = rij (2)

i>j

ij ij

where ¢q; and q; are the charges of atomic i and j; 7;; is the distance of atomic i and j
and g;; is the well depth of atomic i and j, respectively.

Each simulation of the interface model consists primarily of the following steps: (1) Energy
minimization was used firstly to remove potential energy excess that existed in the initial
configuration. (2) The bitumen-corrosion products system was then relaxed using NVT
(constant number of atoms, volume, and temperature) ensemble at the different simulated
temperature 293 K, 313 K, 333 K, 353 K and 373 K for 1 ns to reach the equilibrium state.
Simultaneously, the corrosion products layer in each model was fixed and each valence state
of iron atom was arranged to the corrosion products for the whole simulation process to
precisely calculate the indicators of bitumen-corrosion products system. Then the final
bitumen-corrosion products system after 373 K simulation were chosen for the investigation of
debonding behaviors, which are shown in Figure 4 (a). In the debonding process, the top
bitumen would be fixed to control the thickness of bitumen film, and the basement of the
corrosion products would move to conduct the debonding, meanwhile the temperature was
determined as 293 K and the whole process was under NVT ensemble. Its schematic diagram
of loading mode is shown in the Figure 4 (b) and its loading parameters are shown in the Figure

4 (c). As shown in the Figure 4 (d), the adhesion during the debonding process can be evaluated
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by area according to the Equation (4):

_ Area 1
T Area?2

x 100% 4)

Where CR was the cohesion rate, Area 1 was the area of the basement of the corrosion
products and Area 2 was the area of the bitumen still attached on the surface of corrosion

products after debonding.

Bitumen-Fe,0; Bitumen-Fe;0,

system system system system
(© Parameters Value
Thickness(A) 10 15 20 25 30

Velocity (A/fs) 0.0005 0.0015 0.0045 0.0135 0.0405

Type Fe,0, Fe;O, FeO FeOOH

Area 2

Figure 4. Characterization of debonding behaviors between bitumen and corrosion products:
(a) The model for debonding test; (b) Loading mode; (c) Loading parameters; (d) Adhesion

evaluation

2.3 Adhesion and diffusion evaluation indexes
2.3.1 Relative concentration distribution

To obtain insight into the aggregation configuration of bitumen on various corrosion
product surfaces, the relative concentration was computed as the ratio of the atom number in
the unit volume perpendicular to the axis to the atom number in the unit volume of the
amorphous unit. The three-dimensional periodic system should be partitioned into evenly
spaced plates in the interfacial system. The distribution of atomic density in each plate was
then computed to give the overall structure's relative concentration distribution.
2.3.2 Interaction energy and adhesion work

Interaction energy (E ) could be used to evaluate the stability of interface of bitumen
and corrosion products. Adhesion work (Wadnesion) could be used to stand for the interfacial

bonding strength of bitumen and corrosion products. The greater the absolute value of Ejp¢,,
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and Wadhesion, the more interaction there was between bitumen and corrosion products. When
the value of Ej,..r was zero or positive, adsorption was minor or non-existent. Their

calculation formula was shown in Equation (5) and (6).

Einter = Lpe-bitumen + Epe—corrosion products — Epe—total (5)
Einter
Wad/iesion = A (6)

Where Ej,.., represented the interaction energy between bitumen and corrosion products,

w represented the adhesion work between bitumen and corrosion products, Ep._tora

adkesion

represented that the total potential energy of the bitumen-corrosion products system in a
steady state, Epe_pirumen represented the total potential energy of bitumen,
Epe—corrosion proaucts tepresented the total potential energy of corrosion products and A
represented the contact area of bitumen and corrosion products, considered as the size of
supercell model.
2.3.3 Mean square displacement and diffusion coefficient

The core regulation of diffusion phenomena was the movements of atoms in three-
dimension space, which was vital to analyze the interaction between bitumen and corrosion
products. However, due to the enormous number of atoms in the interface system, detecting
each atom's motion trajectory is difficult. As a result, mathematical statistics method was held
to describe the regularity of particle movement. The most used indicator was mean square

displacement (MSD), which would be represented and calculated by Equation (7):
MSD(t) = (Iri(D) = r;(0)]*) @)

Where, MSD(t) indicated as the mean value of all atoms' movement positions in the molecular
system, r;(0) indicated the original position of particle i, and r;(t) indicated the position of
particle i at the time of t.

Diffusion coefficient, for the measurement of the molecule's capacity for diffusion, rate at
which a quantity diffuses per unit area while the concentration gradient is the same unit.
MSD had a linear relationship with time and was correlated with the diffusion coefficient after
diffusion relaxation process. After this period, the linear slope of the MSD curve might be used

to compute the diffusion coefficient of the contact system, as indicated by Equation (8):
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Where, the diffusion coefficient was recorded as D in the interface system, N indicated the
whole number of molecules in the interface system, and the differential term was equal to the
linear slope of the interface system’s MSD curve.

Equation (8) showed that there was a linear relationship between the diffusion coefficient
and the slope of the MSD curve. Nevertheless, Equation (8) ignored the actual simulation
scenario and was expressed in an ideal condition of indefinite period. As a result, Equation (9)
illustrates how the diffusion coefficient calculation formula was really approximated in the

calculation:

1
D= EKMSD (9)

Where Kysp was equal to the linear slope of the interface system’s MSD curve.

2.3.4 Contact angle test

The contact angle test was used to validate the adhesion interaction of corrosion products
at macroscale, which can be calculated by the surface free energy (SFE). It represents the ability
of a solid surface to interact with other objects, and the lager value means the stronger
interaction. The corrosion products were the analytical reagent provided by Shanghai Macklin
Biochemical Co., Ltd and Guangdong Wengjiang Chemical Reagents Co., Ltd. The CAs were
measured by the sessile drop method with Dataphysics OCA20, DataPhysics Instruments
GmbH, Germany. The CAs of corrosion products were measured by the probe liquids,
including distilled water, formamide and glycol. The final value was the average of three tests

for each group of samples. The SFE could be calculated by the Equation(10)-(11) [52,53]:

ve=vi+vl (10)
y(1+ cosf) 1 7
L R g N ay
2 a7 14

Where y, and y, represent SFEs of the corrosion products and the probe liquids, y{ and yf

represent dispersive component and polarity component of the SFE of the probe liquids [54],

d

¥& and yf represent dispersive component and polarity component of the SFE of the
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3 Results and discussion
3.1 Dynamic geometry changes of bitumen-corrosion products system

The trajectory output files of bitumen-corrosion products systems were obtained to
observe the dynamic simulation. Figure 5 shows the simulation results of bitumen on the
corrosion products surface at different temperature for 1 ns. It can be found that bitumen
molecules would migrate to corrosion products spontaneously, and eventually diffuse and
absorb on the surface of corrosion products. Compared with Fe2Os, FesOs and FeOOH, bitumen
would combine with FeO more closely. Moreover, little difference was found between each
bitumen-corrosion products systems at different temperature. The effect of temperature on the
degree of adsorption cannot be observed directly. It can be also observed that the bitumen
molecular cannot diffuse into the molecular vacancy on the surface of corrosion products,
which indicated that bitumen was hard to penetrate the corrosion products at the setting
simulated temperature, and diffusion and adsorption were the main migration form happened

in the systems.

293K 313K 333K 353K 373K 293K 333K 353K 373K

293 K 313K 333K 353K 373K 293K 313K 333K 353K 373K

Figure 5. The simulation results of bitumen-corrosion products systems: (a) Bitumen-Fe20s;
(b) Bitumen-FesOs; (c) Bitumen-FeO; (d) Bitumen-FeOOH

To quantify the structure changing, the changing of size of simulation cell in Z direction

was selected and it was calculated by Equation (9):

Alz — lz—lns_lz—Ons % (9)

lbitumen

where [,_;,s was the size of simulation cell in Z direction at 1 ns, [,_y,s was the size of

simulation cell in Z direction at 0 ns, Al, represents the changing of size of simulation cell in
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Z direction and lp;rymen represents the size of bitumen originally in Z direction.

The larger Al, value means the closer adsorption between bitumen and corrosion
products. Structure changing of simulation cell in Z direction of bitumen-corrosion products
systems at different temperature was shown in Figure 6. It can be observed that the Al, value
of Bitumen-FeO system and Bitumen-Fe20s system would be reduced with fluctuation with the
temperature increased while that of Bitumen-FeOOH system and Bitumen-FesOs system
increased first and then decrease dynamically. The results indicate that temperature increasing
cause atoms to move faster and interaction between atoms intensify, resulting in larger gaps
between atoms. This also shows that the adsorption between bitumen and corrosion products

was no longer tight in high temperature environments.
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Figure 6. Z coordinate changes of simulation cell of bitumen-corrosion products systems at
different temperature

3.2 Energy changes in bitumen-corrosion products systems

Figure 7 shows the energy composition changes of bitumen-corrosion products systems at
different temperature, where TOTAL was referred as the total energy of the system, PE was
referred as the potential energy of the system, and KE was referred as the kinetic energy of the
system. The total energy of the systems would be converged after 200 ps. The values of PE, KE
and TOTAL were calculated as average of the energy in stable statement (600 ps to 1000 ps) of

the systems. It is clearly that the total energy of the systems was all increased when simulated
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temperature was raised. It was supported by the increment of potential energy and kinetic

energy individually. This is mostly because the heat energy in the system is constantly

transformed into internal energy as the temperature rises, increasing the internal energy. The

kinetic energy of the systems was similar and would be increased gradually by the increased

temperature, which was related to the intensified irregular movements of molecules in bitumen.

The potential energy of Bitumen-Fe:0s system, Bitumen-Fe:Os system and Bitumen-FeOOH

system were similar while that of Bitumen-FeO system was obviously less. The potential energy

of Bitumen-Fe20s system and Bitumen-FesOs system would be increased rapidly at 293 K and

313 K, then slowly at 333 K to 373 K. The potential energy of Bitumen-FeO system would be

increased gradually from 293 K to 353 K and sharply at 373 K, while the potential energy of

Bitumen-FeOOH system would be increased gradually with the temperature increasing.
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Figure 7. The total energy components of bitumen-corrosion products systems at different

temperature: (a) Bitumen-Fe20s, (b) Bitumen-FesOs, (c) Bitumen-FeO, and (d) Bitumen-
FeOOH

The potential energy should be referred as the sum of bonding energy (Emo) and non-

bonding energy (Enonbonding). The non-bonding energy includes coulombic energy (Ecour) and van

der Waals energy (Evan). The non-bonding energy consists of cross term energy, bond stretching
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energy, dihedral angle twisting energy, bond angle energy and off-plane vibration energy.
Table 2 shows the changes of potential energy composition of bitumen-corrosion products
systems at different temperatures. It can be found that the increment of temperature would
result in decreasing the absolute value of van der Waals energy and increasing bonding energy
of bitumen-corrosion products in a fluctuating way. Moreover, the variation law of coulombic
energy had little correlation with the changes of simulated temperature. Van der Waals energy
was found obviously less in Bitumen-FeOOH system and larger in Bitumen-FeO system, while
that of Bitumen-Fe:Os system and Bitumen-FesOs system were similar. It indicates that
intermolecular interaction in Bitumen-FeO system was stronger, and combination was more

closely.

Table 2. The potential energy components of bitumen-corrosion products systems at different

temperatures
293 K 313K 333 K 353 K 373 K
Evan -3021.49 -2970.65 -2917.20 -2886.73 -2833.55
Bitumen-Fe20s Ecoul 44.85 -8.61 -18.16 366.86 -34.49

Emol 11800.48 12101.98 12462.70 12754.94 13091.18
Evan -3054.63 -3075.52 -2987.73 -2885.96 -2915.62

Bitumen-FesOs Ecou -32.45 208.20 241.69 141.56 92.57
Emol 11808.99 12123.93 12465.80 12757.03 13099.80
Evan -5001.47 -4944.27 -4935.13 -4848.44 -4827.19

Bitumen-FeO Ecou 78.53 -52.79 2791 -174.32 -8.17
Emot 11887.21 12174.07 12476.07 12805.94 13136.69
Evan -2642.46 -2582.98 -2545.95 -2482.37 -2421.46

Bitumen-FeOOH  Ecoul 440.36 404.58 344.25 330.15 292.75
Emot 11771.84 12097.51 12431.12 12752.83 13069.18

* The unit of numerical value in the table is kal/mol

3.3 Interaction energy in bitumen-corrosion products systems

Table 3 shows interaction energy and its components that contributes to the adhesion
between bitumen and corrosion products at different temperature, which was calculated based
on Equation (1) and (4). It can be found that the Einer value equals to Enonbonding value, which
indicates that the adhesion between bitumen and corrosion products was completely
contributed by the non-bond interaction. The covalent interaction contributes little or nothing

to the adhesion of bitumen-corrosion products systems, showing that no chemical bond is
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formed between corrosion products and bitumen. It can be observed that in the Bitumen-Fe2Os
system, Bitumen-Fe:Os system and Bitumen-FeO system, van der Waals was the mainly
interaction effect between bitumen and corrosion products and the coulomb electrostatic
contributed slightly. In the Bitumen-FeOOH system, the coulomb electrostatic interaction was
significantly more strongly, though it was still weaker than the van der Waals interaction effect.
This might be caused by the existence of hydroxyl in FeOOH, having an obvious electrostatic
interaction with other materials, especially the bitumen showing acidity. It can be also found
that Evan fluctuated slightly with temperature than Ecou, especially the coulombic energy of
Bitumen-FeO system. With the temperature increasing, the activity of the atoms in Bitumen-
FeO system would change rapidly, influencing the coulombic energy. The reason that
temperature had little effect on van der Waals energy was that it was mainly related to the
molecule mass and distance, which wouldn’t be affected by temperature. In brief, the adhesion
between bitumen and corrosion products was attributed by nonbonding interaction energy.
Van der Waals interaction was the major contribution in Bitumen-Fe20s system, Bitumen-FesOx
system and Bitumen-FeO system, meanwhile it wasn’t affected obviously by temperature. The
adhesion in Bitumen-FeOOH system was contributed by both van der Waals interaction and

electrostatic interaction, while it would decease when temperature was raised up.

Table 3 Interaction energy components of bitumen-corrosion products systems at different

temperature
293 K 313K 333K 353 K 373K
Einter -1183.01 -1241.07 -1251.45 -868.48 -1279.84
. Evan -1210.51 -1225.47 -1216.48 -1212.93 -1240.17
Bitumen-Fe20s
Ecoul 27.50 -15.60 -34.98 344.45 -39.67

Ernonbonding ~ -1183.01 -1241.07 -1251.45 -868.48 -1279.84
Einter -1311.83 -1146.00 -1068.15 -1118.28 -1254.01
Evan -1277.74 -1341.73 -1279.90 -1244.79 -1330.82
Ecou -34.09 195.74 211.75 126.51 76.81

Ernonbonding ~ -1311.83 -1146.00 -1068.15 -1118.28 -1254.01
Einter -3190.99 -3342.17 -3272.40 -3464.46 -3293.34

Bitumen-FesOx

Evan -3251.84 -3271.15 -3285.94 -3266.16 -3267.11
Bitumen-FeO
Ecout 60.85 -71.02 13.54 -198.30 -26.23
Enonbonding ~ -3190.99 -3342.17 -3272.40 -3464.46 -3293.34
Einter -389.01 -439.04 -479.89 -478.56 -504.44
Bitumen-FeOOH Evan -816.83 -815.58 -817.30 -802.33 -802.15

Ecou 427.82 376.54 337.40 323.77 297.71
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Ernonbonding ~~ -389.01 -439.04 -479.89 -478.56 -504.44

* The unit of numerical value in the table is kal/mol

The adhesion work of bitumen-corrosion products systems at different temperature are
shown in Figure 8. It can be observed that the adhesion work of bitumen and corrosion
products at different temperatures fluctuates without obvious regularity with the increment of
simulated temperature, the results of which was similar to the previous research about the
adhesion between bitumen and aggregate [35,55]. For a certain corrosion products type and
temperature, Wadhersion 0f Bitumen-FeO system was much higher than that of other systems,
which indicates that FeO had more powerful adhesion ability to bitumen. Wadhersion of Bitumen-
Fe20s system and Bitumen-FesOu system was similar to each other and that of Bitumen-FeOOH
system was the minimum. As van der Waals interaction accounted for the most contribution of
the adhesion energy in the systems, the differences would mainly result from the distribution
of the atoms in the cell structure and the distance between corrosion products and bitumen.
Consistent with the previous studies, Rath et al. have investigated oleate adsorption on iron
oxides including (hematite, magnetite, and goethite), and the results show that oleate binds
strongest on magnetite followed by hematite and goethite, which are consistent with the
weakest interaction of FeOOH in this study [50]. Furthermore, Iveson et al. have focused on
contact angle measurements of iron ore powders, and the results indicated that the higher the
goethite content or the less the magnetite content , the smaller the contact angle, which also
shows the weak interaction effect of goethite [56]. In view of these phenomenon, it is possible
to consider controlling the rusting stage by regulating the storage environment, storage
atmosphere and storage time in the yard, and thus to obtain the desired rusting products. For
instance, increasing the amount of FeO can result in a thicker bitumen film, which can control
the failure pattern at the interface. Figure 4 represents the CA and SFE of corrosion products
obtained from contact angle test. It can be found that the SFE value of FeO was the largest while
that of FeOOH was the smallest, and that of Fe2Os and FesOs were similar. The results indicate
that FeO had the strongest interaction effect with the other objects. This trend is consistent with

the simulated results, which also shows the same order of the interaction effect.
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Table 4. CA and SFE of corrosion products
CA (degree) SFE (m]/m?)
Water Glycol Formamide Y YP %
Fex0s 8.9 40.0 20.8 79.7 77.8 1.9
FesOu 10.4 40.0 23.0 79.8 78.0 1.8
FeO 11.0 46.5 27.5 84.3 82.9 1.4
FeOOH 17.3 46.1 20.3 76.6 74.8 1.9

3.4 Diffusion behavior of bitumen-corrosion products systems

Mean squared displacement (MSD) is used to investigate the molecules movement of
bitumen on the corrosion products over simulated time. The MSD curves of bitumen-corrosion
products system at different temperatures are shown in Figure 9. It can be found that the MSD
curves can be divided into two stages (rapid rising period and linear rising period). The rapid
rising period would last for a short time and then linear rising period was followed which can
be used to calculate the diffusion coefficient. The MSD calculation was based on simple
diffusion mode (Brownian motion), during which MSD was a quadratic function of correlation
time in the initial short time, representing barrier-free directional diffusion. With the increase
of correlation time, MSD will quickly transform to a linear function stage, which represents
normal diffusion. This linear function region is generally the best region for calculating

diffusion coefficient. Especially in Bitumen-FeO system, it can be found that rapid rising
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period in Bitumen-FeO system almost show as a vertical upward line, which was obviously
short. It might be caused by the strong van der Waals interaction between bitumen and FeO.
Then the MSD curves of Bitumen-FeO system are the lowest ones, indicating that the diffusions
are inhibited, and the adsorption degrees are higher currently. It was in accordance with the
analysis results of the interaction energy.

The movement of bitumen in systems would be increased by the higher temperature,
except Bitumen-FeO system, indicating that higher temperature would be beneficial to the
mobility of the bitumen molecules. It can be explained by the aggregation degree of bitumen
on the corrosion products which would be discussed in section 3.5. As for the Bitumen-FeO
system, there wasn’t obvious law between the MSD and temperature in this system. It can be
also observed that the MSD of Bitumen-FeO system was larger at 293 K and 313 K, and that of
Bitumen-Fe20s system and Bitumen-FesOs system were larger at 333 K, 353 K and 373 K. It
would be related to the stability of the corrosion products: compared with Fe2Os and FesOs,
FeO would be more unstable with the temperature increasing and expose the activity which

might reduce the MSD through contact and interaction.
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Figure 9. The MSD curves of bitumen-corrosion products system at different temperatures.

It is necessary to determine the simulated time range used for the fitting to calculate the
diffusion coefficient. In this research, the MSD curves was transformed into double logarithmic
form (log(MSD)-log(t)), then select a section whose slope is as close to 1 as possible to find the
diffusion coefficient. Base on Equation (8), and it would be as follows:

log MSD(t) = log t + log (6D) 9)
Where MSD is mean squared displacement, t is the simulated time and D is diffusion coefficient.

By this method, the diffusion coefficients of bitumen-corrosion products system at
different temperatures were calculated and shown in Figure 10. A higher slope of MSD curves
means a greater diffusivity of molecules. It was found that bitumen molecules on different
corrosion products and under different temperature possess distinct diffusion coefficient. The
results showed that the diffusivity of bitumen on the surfaces of corrosion products was
positively correlated with the van der Waals interaction and electrostatic interaction. The
interactions would result in the aggregation of the bitumen on the corrosion products and limit
the diffusion of bitumen molecules. Furthermore, it is observed that the interaction between
FeOOH and bitumen is weak, but the aggregation degree of bitumen on the surface of FFOOH
is not obviously decreased, which demonstrates that electrostatic interaction and van der Waals
interaction have different effects on the aggregation degree of bitumen: electrostatic interaction

is more likely to lead to bitumen aggregation on the surface of corrosion products.
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Figure 10. The diffusion coefficients of bitumen-corrosion products system at different

temperatures.

3.5 Relative concentration of bitumen in bitumen-corrosion products systems

The diffusion coefficient calculated by MSD can only reflect the activity of bitumen
molecules in the bitumen-corrosion products system, but it cannot directly evaluate the
movement direction of molecules. During the diffusion process, the bitumen would form a
layered structure whose concentration would be obviously higher than that of other regions of
the bitumen in the system. The intensity of the layered structure can reflect the interaction
between bitumen and corrosion products; that is, stronger interaction is responsible for a more
prominent layered structure on the products. To understand how the interaction and diffusion
was affected by temperature and corrosion product types, the relative distribution
concentration of bitumen in the Z-axis direction of the corrosion products was calculated and
analyzed. As shown in Figure 11, for the Bitumen-FeO system, relative concentration
distributions indicate the two prominent peaks around 18.5 A and 21.5 A, while there was only
one obvious peak in other systems, indicating that the concentration layers in the Bitumen-FeO
system was thicker. The two prominent peaks on the relative concentration of the systems
might be related to the double-layer structure on the solid-liquid interface. In a system, the
stronger the interaction between bitumen and corrosion products, the closer the peaks are to
the products. With increasing distance from the products surface, the oscillations of elative

concentration distributions decay and no obvious peak was found.
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Figure 11. The relative concentration distributions of bitumen on corrosion products at

different temperatures: (al)-(el) Full-scaled view; and (a2)-(e2) Local-scaled view.

The relative concentration of the first prominent peaks of the bitumen-corrosion products
system at different temperature were chosen and shown in the Figure 12. It can be found that
the relative concentration was fluctuating with the temperature increasing, but there was no
common function to describe the changing. The relative concentration of the first prominent
peaks of the bitumen-corrosion products basically showed the regularity of Bitumen-FeO
system > Bitumen-Fe20Os system > Bitumen-FeOOH system > Bitumen-FesOs system, indicating
that the aggregation degree of bitumen molecules on the FeO surface was the most severe. It
would restrict the diffusion movements of bitumen on the surface and affect adhesion failure
mode of the systems. A more severe aggregation degree may indicate a more possible cohesion
failure. Moreover, the aggregation degree of bitumen molecules on the FeOOH also indicates
that electrostatic interactions are more likely to cause aggregation than van der Waals

interactions.
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Figure 12. Changes of maximum relative concentration distributions of bitumen-corrosion

products systems at different temperatures.

3.6 Interface debonding behaviors between bitumen and corrosion products

Figure 13 shows the debonding process of the bitumen molecules from the surface of

corrosion products after the equilibrium. In Figure 13 (a), it can be found that the bitumen

molecule model would be stretched and lengthened firstly by the downward movement of the

corrosion products. As the corrosion products kept moved, bitumen molecules cannot continue

to pull each other, thus the holes would be formed in

the model. Finally, more holes were

formed, which led to the broken that caused cohesion debonding failure. As opposed to

cohesion debonding failure, Figure 13 (b) shows the adhesive debonding where the bitumen

molecules were directly and completely debonded with the corrosion products.

Figure 13. Debonding process at the interface of bitumen and corrosion products: (a) Cohesion

debonding; (b) Adhesion debonding
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Figure 14 represents the residual bitumen molecules on the corrosion products and
percentages of cohesive debonding calculated by Equation (4). It can be found that higher
pullout velocity had caused less bitumen molecules attached on the corrosion products. When
the velocity has reached 0.0405 A/fs, the CR value were 0% basically, which also means the
completely adhesion debonding. The decreasing trend of CR of the bitumen-corrosion
products systems were different: CR value of Bitumen-Fe20s system would gradually decrease
until the velocity of 0.0405 A/fs, CR value of Bitumen-FeO system would keep similar value
until the velocity of 0.0405 A/fs, and CR valaue of Bitumen-Fe;Os system and Bitumen-FeOOH
system would keep similar value and decrease from 0.0135 A/fs. It implied the difference of
impacts of speed on different systems: the greatest impact on Bitumen-FeOOH system and the
least impact on Bitumen-FeO system. The thickness of bitumen film was also the important
factor that influenced on the CR value: it decreased with the thickness thinning, and turning
points were 10 A for Bitumen-Fe>Os system, Bitumen-FesOs system and Bitumen-FeO system,
and 15 A for Bitumen-FeOOH system. Furthermore, the results can also validate the interaction

effect between bitumen and the corrosion products in section 3.3.
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Figure 14. The Residual bitumen molecules on the corrosion products and CR value: (a)
Bitumen-Fe20s system; (b) Bitumen-FesOs system; (c) Bitumen-FeO system; (d) Bitumen-
FeOOH system

As discussed above, the debonding in bitumen-corrosion products systems was variable
under different conditions such as bitumen film thickness and loading rate, which could occur

at the bitumen-corrosion products interfaces (complete adhesion debonding) or within the
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bitumen (complete cohesion debonding). Actually, the debonding on most occasions should be
a mix mode of cohesion and adhesion. Figure 15 shows the debonding failure type of the
bitumen-corrosion products systems with different velocity and thickness. The failure types
are divided into cohesion, adhesion and mix mode, among which mix mode was divided four
types according to the CR value simply: heavy cohesion (C1), light cohesion (C2), heavy
adhesion (A1) and light adhesion (A2). It can be found that the debonding types would make
a transition from cohesion to adhesion with the increment of velocity and bitumen film
thickness while the smoothness of the systems is different. In particular, it was still light
adhesion mode of Bitumen-FeO system at 30 A and 0.0405 A/fs, which shows the strong
interaction between FeO and bitumen. Moreover, the changing of Bitumen-FeOOH system at

10 A and 0.0045 A/fs indicated the weak interaction.
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Figure 15. Debonding failure type of the bitumen-corrosion products systems with different

velocity and thickness

5 Conclusions

The investigation has been conducted to identify the interfacial characteristics between
corrosion products (Fe20s, FesOs, FeO and FeOOH) and bitumen by molecular dynamics
simulation approach. Based on the results, the primary conclusions are as follows:

(1) The adsorption and adhesion of bitumen was most strongly on the FeO surface and

least strongly on the FeOOH surface. Increased temperature widened the interatomic
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gaps in the molecular model of bitumen, which caused the fluctuating decrease in
adsorption and adhesion, but it was difficult to be described by an explicit functional
relationship with temperature.

(2) The adhesion between bitumen and corrosion products is primarily determined by
non-bond interaction energy. In Bitumen-Fe20s system, Bitumen-FesOs system and
Bitumen-FeO system, van der Waals interaction was the main contributor, and it was
not significantly affected by temperature. In the Bitumen-FeOOH system, both van der
Waals and electrostatic interactions played a major role in adhesion, but their
contribution decreased with increasing temperature.

(3) The interaction between FeOOH and bitumen is weak, but the aggregation of bitumen
on the FeOOH surface is not significantly reduced. Electrostatic and van der Waals
interactions contribute differently to the degree of bitumen aggregation, and
electrostatic interaction is more likely to cause bitumen aggregation on the surface of
corrosion products.

(4) In the debonding process, changes of loading velocity and bitumen film thickness in
the debonding process led to the failure transformation between cohesion and
adhesion. During the debonding process, cohesion becomes the main failure type in
the Bitumen-FeO system due to severe aggregation and strong interaction.

This study exploits molecular dynamics to explore the interfacial behavior between
bitumen and corrosion products on steel slag surface. These findings would be contributed to
the recycling of steel slag in the pavement engineering. It should be considered to control the
corrosion stage and environment, which could adjust the types of corrosion products and
increase the thickness of bitumen film. Alternatively, the modification on the surface of

corrosion products can also enhance electrostatic interaction to control the failure types.
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