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Abstract

Friction is a major issue in industrial activities, accounting for a loss of 5-7% of the gross national product
in many developed countries

1-3

. Therefore, multiple concepts and novel lubricant materials have been

explored and optimized to eliminate unnecessary friction and wear in many manufacturing processes.
However, the conventional lubricants cannot satisfy the demand of industrial practice, environmental
sustainability, and wide working temperatures range. Therefore, in this thesis, two different types of
lubricants have been investigated for their suitability in metal forming processes. The first one involves
Silicate Glass lubricants for high-temperature application, and the second is MgAl layered double
hydroxides (LDH) material for moderate temperature utilization.
Inorganic glasses such as alkali phosphate, borate, and silicate, have been utilized as an effective lubricant
for high-temperature operations. Experimental studies based on these lubricants have shown good
performances in terms of friction reduction, antiwear function, and antioxidation, especially at elevated
temperatures and under severe loads. However, the lubrication performance of glass lubricants still needs
to improve to bolster their practical utilization in the industry. On the other hand, LDH is a new promising
candidate for lubrication, which shows excellent friction reduction (even superlubricity) at room
temperature and could potentially be applied for moderate temperature applications. However, most of the
available experimental studies on LDH have been based on trial and error due to the lack of in-depth
knowledge of the tribochemical reaction under the sliding contact. Therefore, a better understanding of the
friction mechanism at the atomic scale of these materials would help direct future studies to design a new
generation of lubricants for metal forming.
In this dissertation, density functional theory (DFT) and ab initio molecular dynamics (AIMD) simulations
have been conducted to investigate the physical/chemical interactions and tribochemical reactions between
alkali silicate with iron and iron oxide surface. First, the adsorption and dissociation of sodium silicate glass
on an iron surface have been investigated using both DFT and AIMD. The study provided an in-depth
insight into the unknown adsorption mechanism and anti-wear performance of silicate lubricant on the iron
surface. The effect of the iron surface, as well as temperature on the adhesion of silicate lubricant, are
discussed. The result indicates that silicate lubricant can chemically adsorb on the Fe (110) surface by
forming multiple Si-O-Fe linkages. The strength of the Si-O bond in the Si-O-Fe linkages can be reduced
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significantly due to the influence of the iron surface. In particular, Fe can drain electrons from non-bridging
oxygens (NBOs), leading to a decrease in Si-NBO bond strength. As a result, NBOs can be dissociated at
high temperatures to create free oxygens in the tribofilm, which may reduce the anti-oxidation ability of
the tribofilm. In addition, the study also suggested that temperature can play an essential role in the
dissociation/depolymerization of the lubricant. Notably, at 1500 K, the silicate lubricant can be decomposed
into small fragments. The decomposition of silicate lubricant at high temperatures can reduce the stability
of the tribofilm. Hence, the friction reduction, as well as the anti-wear performance of the lubricant, can be
affected negatively.
As an alkali-rich tribofilm layer usually exists when using glass lubricant, the effects of sodium on the
friction reduction of iron oxide surfaces have been evaluated by calculating the potential energy surface
(PES). In this study, we clarify the most stable adsorption configuration of the sodium on the surface and
calculate the adsorption-induced modifications in the electronic structure of the surface. The comparison
of the potential energy surface of pure and Na adsorbed Fe2O3 (0001) surface allows us to identify the most
notable trend and the impact of the alkali passivation on the friction reduction. Particularly, we found that
the adsorption of Na on the iron oxide surface can eliminate the direct bonding between two iron oxide
surfaces and cause a depletion of charge density difference at the sliding contact. As a consequence, it leads
to a collapse of PES and reduces friction.
To study the tribochemical reactions, structural transformations, and the tribofilm formation of sodium
silicate under extreme working conditions such as elevated temperatures, high load, and sliding, a
modification on the Quantum Espresso package has been implemented to perform AIMD simulation under
the sliding contact. In this work, the comparisons of the different concentrations of sodium in the glass
lubricant provide an in-depth understanding of the structural information of the silicate lubricant and the
effect of the alkali elements, iron oxide surface, temperature as well as sliding on tribological properties of
the glass. The result indicated that the mobility of sodium atoms in the silicate network is very high, which
allows them to diffuse to the metal oxide layer. The electrostatic interaction with the negatively charged
oxygen atom of the metal oxide slab helps to confine the high diffusivity alkali atom on the surface. The
data explain the formation of a sodium-rich tribofilm in the experimental studies. The result also indicated
that the sodium layer in the tribofilm might play a crucial role in sticking the silicon glass with the metal
oxide substrate during the sliding through the electrostatic interaction. By reducing the concentration of
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sodium in the glass network, the adhesion property of the lubricant is significantly reduced. The phenomena
are mainly due to the fact that the sodium layer at the interface is depleted and reduces the surface-lubricant
electrostatic interaction. In addition, the lubricant has fewer NBO that can bond to the metal oxide surface.
As a consequence, the friction and antiwear properties of the glass lubricant can be significantly reduced
since the lubricant does not provide a protective tribofilm.
Finally, DFT and AIMD simulations have been used to study the friction reduction mechanism of MgAlLDH for possible application in metal forming. Our results indicate that the introduction of trivalent cations
has a significant impact on the friction reduction of the LDH. Besides, the lateral force shows a strong
correlation with the coverage of the hydroxyl group on the surface. By using AIMD simulation, we show
that the water/hydroxide molecules interact with the surface through strong hydrogen bonds that confine
the movement and the orientation of the intercalated molecules on the surface. Furthermore, the friction is
reduced when the water thickness is increased. The reaction pathways of water with the LDH surface have
been investigated using well-tempered metadynamics simulation. We found that the LDH can promote
proton transfer, leading to the formation of hydroxide intermediates (OH), which then chemically adsorb
on the surface. The chemical adsorption of the hydroxide intermediates can cleave the O-H bonds on the
LDH surface.
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Chapter 1. Introduction
1.1. Background and significance of the research
Lubricants have been used for thousands of years to reduce friction between surfaces in mutual contact as
well as to control the heat generated when the surfaces move. Without lubrication, the interactions between
two contacting surfaces will produce high friction, excessive wear, and oxidation as the metal surface is
exposed to oxygen or water coolant. Nowadays, the components of many modem machines in power
generation, automotive engines, and metal processing industries are often required to work at extremely
high temperatures or pressures. These harsh working conditions pose a significant challenge for tribointerface science and technology since most of the lubricants become unstable or decompose under high
pressure or temperature. Metal forming is one of those industries that are posing significant challenges in
terms of system reliability, environmental safety, product quality, and cost reduction.
In metal forming, the mutual contact between surfaces could be exposed to high temperature, pressure, or
oxygen in the surrounded environment creating a harsh working condition. These conditions in turn, can
cause serious friction, die wear, and oxidation at the contacting surfaces. As friction increases the amount
of force required to perform an operation, causes wear, affects the metal flow, and creates defects in the
products. Hence it is extremely important to control friction at the rubbing contacts. To this point, the
introduction of lubricant in those areas is an effective solution to protect the machines and their products.
There are many available lubricants for such metal forming processes, and the application of these
lubricants strongly depends on the working conditions. For instance, oil-type lubricants containing highviscosity mineral oil or rapeseed oil can form a thick lubrication film when they are polymerized by pressure
which in turn reduces friction and prevents wear. However, there is a critical problem with oil-type
lubricants that the majority of the oil burns as soon as it touches hot material; thus, the usage of this type of
lubricant for high temperatures application is limited. More importantly, the decomposition of oil-type
lubricant can release undesirable chemicals, raising the concern about the pollution and environmental
safety of the lubricants. Solid lubricants have been widely used for room and moderate-temperature
applications to overcome the instability of oil-based lubricants, which 2D materials appear to be a promising
candidate due to their low shear strength. One of the most widely used 2D materials in metal forming is
graphite.4, 5 However, the recent environmental concern about the material restricts the application of

25

graphite.5, 6 Recent advances in lubricant additive research have revealed 2D layered double hydroxide
(LDH) nanosheets as a promising candidate for both oil- and water-based lubricants for metal forming at
room and moderate temperature.7, 8 LDHs have a hexagonal layered crystal structure similar to graphite that
can deliver a shear slip effect. In addition, they can easily enter the sliding contact and form the protective
film that can further reduce wear and friction. In some specific conditions, LDHs outperform other 2D
lubricant additives in terms of lubrication performances. The significant benefit of LDHs is that they can
be synthesized directly by facile chemical synthesis. The particle size and shape can be easily controlled,
thus allowing to directly obtain the LDHs nanosheets without further preparation processes. Regardless of
the advantages of the 2D material, their application in high-temperature processes is still limited due to the
instability of its structure in this temperature range. Therefore, glass lubricants have become a promising
candidate for hot metalworking, taking advantage of their high heat resistance, where the lubricant is often
applied on a surface of hot material prior to hot metalworking. The materials can withstand an extremely
high temperature up to 1250 oC. The tribofilm created by the lubricant cannot be washed out easily due to
the strong adsorption with steel surfaces. Therefore, the materials can protect the rubbing surface during
the sliding. Furthermore, glass compounds are abundant in nature, leading to low production costs. Another
key advantage of glass lubricant its environmentally friendliness.
Although both LDH and glass lubricants are promising candidates for lubrication in metal forming, there
is still some limitation in the materials that require improvement to boost their practical application. i.e.,
the working temperature of LDH or the lubrication performance of silicate glass needs to be enhanced. To
achieve the goal, an in-depth understanding of the low friction mechanism of materials is necessary to direct
future studies on the materials. Direct experimental measurement at the extreme conditions of metal
forming is very challenging that leaves a knowledge gap in understanding the friction mechanism of glass
lubricants. Computational simulations are, therefore, powerful tools to support the experimental findings
and describe the mechanical systems at the atomic or molecular level. In this work, we used computational
simulations by Density Functional Theory (DFT) and First-principle Molecular Dynamics (FPMD) to study
the frictional behavior of silicate glass lubricant and MgAl-LDH material.

1.2. Thesis overview
The central objective of this work is to develop and apply first-principle simulations to investigate the
tribochemical of silicate glass and MgAl-LDH lubricant in metal forming processes. Several steps are
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necessary for this purpose which is each presented in an individual chapter:
Chapter two provides an exploration of the literature relating to lubricants up to date. This chapter
establishes a foundation body of information from which the research direction of the thesis is determined.
The review summarises the experimental and computational studies of lubricants in metal forming so far.
Chapter three briefly reviews the quantum chemical methods used in this thesis. Basically, the theoretical
background about Density Functional Theory (DFT), which is currently the method of choice for quantum
chemical calculations, has been discussed. In addition, the general ideas, as well as the comparison between
the two most popular FPMD techniques, including Car–Parrinello molecular dynamics (CPMD) and Born–
Oppenheimer molecular dynamics (BOMD), have been discussed.
Chapter four discusses the unknown adsorption mechanism and anti-wear performance of silicate
lubricant on the iron surface. Our FPMD simulations will provide real-time monitoring of the adsorption
processes. Meanwhile, DFT calculations will yield an in-depth understanding of the electronic structure of
a sodium silicate and its adsorption on the iron surface. Their electronic structure is also analyzed to
investigate the effects of chemical reactions on anti-wear reduction as well as the fundamental mechanism
for the tribofilm formation.
Chapter five studies the role of the alkali element (sodium) in the friction reduction mechanism of the
silicate glass on an iron oxide surface. This chapter will clarify the most stable adsorption configuration of
the sodium on the surface and calculate the adsorption-induced modifications in the electronic structure of
the surface. The comparison of the potential energy surface of pure and Na adsorbed Fe2O3 (0001) surface
allows us to identify the most notable trend and the impact of the alkali metal on the friction reduction.
Chapter six investigates the tribochemical reactions of sodium silicate lubricant with Fe2O3 (0001) surface
under shearing at high temperature and pressure. The main objective is to understand the mechanism that
drives the tribofilm formation of silicate glass lubricant and the change of the tribological properties of
amorphous sodium silicate, with respect to the different concentrations of sodium in the glass matrix, at an
atomic level. The new findings in this chapter shed light on the unknown lubrication mechanism as well as
the anti-wear performance of the sodium silicate on an interface at the atomic level. The outcome of the
simulations provides an insight into basics characteristics, i.e., the role of the pressure, temperature, and
sliding on the tribochemical reaction activation.
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Chapter seven studies the mechanism of friction reduction and the chemical reaction of the MgAl-LDH
for cold metal forming applications. In this chapter, DFT calculation will be used to explore the tribological
properties of LDH layers in a relative sliding motion as well as the role of the trivalent cations and hydroxyl
groups. Meanwhile, the interaction of water and anion with LDH surface and its influence on friction
reduction will be investigated using AIMD simulations in combination with the metadynamics technique.
Chapter eight summarizes the primary conclusions of the research project.
Chapter nine addresses the remaining problems related to the project and suggests some recommendations
for future study.
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Chapter 2. Literature Review1
2.1. Tribology and Metal Forming
Metal forming processes are used to produce structural parts and components that have widespread
applications in many industries, including automobile, aerospace, appliances. In this section, we briefly
overview the two most common forming processes include hot and cold metal forming. The review will
address the advantages/disadvantages of each technique as well as the challenges in developing lubricants
for these manufacturing processes.

a.

Hot metal forming

In hot metal processing, the temperature of the workpieces can reach 600-1200 oC, while the temperature
of the tools varies around 500 oC.9 The pressure at the contact surfaces can reach 1 GPa in some extreme
cases. Furthermore, at the microscopic scale of the surface contact, the temperature and pressure can vary
more significantly reaching as much as 2000 oC and 5 GPa.10 The phenomena are often called flash
temperature and pressure. The advantages of the hot processing technique include a significant plastic
deformation involving substantial change in the workpiece shape and lower forces are required. As the
working conditions without lubrication will result in high friction as well as excessive tool wear leading to
premature failure of the machinery components. However, the tribological behaviors in these operating
conditions are far more complicated than just high friction and excessive wear. The working temperature
can dramatically change the properties of the materials on the contact surfaces. In addition, oxidation,
element diffusion, and heat transfer also play an influential role in this condition and significantly alter the
tribological behaviors (Figure 2-1). Currently, hot metal forming is one of manuafracutring industries that
are posing significant challenges in terms of system reliability, environmental safety, product quality, and
cost reduction.

* A part of this chapter was submitted for publication as a review paper in the Jounral of Physical Chemistry C.
Huong T. T. Ta, Nam V. Tran, Kiet Tieu, Hongtao Zhu, Haibo Yu, Thi D. Ta, Computer Simulations for Tribochemistry: From
Classical to Quantum Mechanics, Submitted to J. Phys. Chem. C.
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consideration as their roles on the contact surfaces should not be taken lightly. Figure 2-1
illustrates the complex events that occur during a typical sliding contact at high
temperature [5], although one can expect a similarity on rolling contact.

Figure 2-1: Involved phenomena during tribological process at high
temperature [5]

Figure 2-1. Involved phenomena during the tribological process at elevated temperatures.11
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At elevated temperatures, the friction in metal forming processes is usually more severe than that in low
and moderate temperature processing. Particularly, the high friction in hot metal forming comes from
several sources such as surface roughness, adhesive/abrasive wear, deformation of the asperities peaks, and
plastic deformation. In a simple picture, the extreme working temperature and oxygen molecules in the
atmosphere will speed up the formation of an oxide layer on the surface. The microstructure and chemical
composition of the oxide scale strongly depend on the temperature, exposure time as well as availability of
environmental factors such as moisture, contaminations, and oxygen.12 The oxide layer can greatly change
the tribological behaviors of the metal surface in several ways, but most seriously, the oxide particles can
be abrasive on the surface due to physical or chemical interactions. These particles are often hard and can
lead to an abrasive wear, which not only increases the friction but also reduces the product quality and
increases the production cost.

b.

Cold metal forming

The cold manufacturing process is performed at room temperature. The workpiece is deformed between
two dies until it has assumed its shape. The technique includes rolling, pressing, drawing, spinning,
extruding, and heading. Cold rolling is one of the most common manufacturing techniques widely used in
the industry. Flat strip is typically reduced in thickness through a series of tandem rolling mills. The
advantage of this forming is thin strip with good surface finish and high throughput. However, the technique
requires higher force and power compared to hot metal forming. In addition, the strain hardening of the
work metal limits the amount of forming that can be done. During the rolling process, friction and wear are
inevitable, which results in significant energy consumption and damage to the equipment. To achieve
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energy efficiency, prolong the service life of mechanical components, and reduce the cost of maintenance,
the application of lubricant is required 13. The primary roles of the lubricant in cold rolling are: (i) to keep
the roll and strip separated by lubricant film of low shear strength that reduces the friction; (ii) to remove
the heat generated by plastic deformation and frictional heat; (iii) to protect the roll and the rolling mill
against roll wear and corrosion.
Emulsion of oil in water is the most common lubricant for cold rolling processes often includes. However,
these lubricants are not environmentally friendly due to limitations in recycling and wastage/leakage and
can be harmful to human health.8 Furthermore, the remaining oil residues on the rolled products require the
post-process degreasing that even induces more cost and more harmful compounds emission to the
environment. Recent developments of lubricants for cold rolling processes focus on a complete replacement
of oil by other solid lubricants that can withstand extreme pressure.8, 14 Since the cold rolling processes are
often operated under a mixed lubrication regime due to a non-conformity of the contact surfaces, the
extreme pressure solid lubricants are expected to function under a boundary lubrication regime while the
lubricating fluid can provide the lubrication under the mixed film/hydrodynamic regime. Water-based
nano-lubricants have been considered as an alternative for the cold rolling processes due to their easy
degradability, environmental friendliness, excellent cooling performances, and cost-effectiveness
comparing to the conventional emulsion.8

2.2. Lubricants for Metal Forming Process
As discussed in the previous section, problems such as high friction and wear affect the product quality as
well as the production cost. Several surface engineering methods can be applied to reduce the negative
effect, including the usage of the lubricant,15 self-lubricating coating,16 wear-resistant coatings,17 and more.
In the metal processing industry, surface coatings are often not applicable due to the unfavorable properties
of the formed layers at extreme working conditions. Therefore lubricants have become the option of choice
due to their efficiency and low cost. However, developing an effective lubricant for metal forming is a
significant challenge due to their extreme working conditions. This section will provide a brief overview
of the development of the two common groups of lubricants, including oil-based lubricants and solid
lubricants.
2.2.1.

Oil-based lubricants
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Oil-based lubricants are the most traditional lubricants used in metal rolling to reduce rolling load as well
as enhance the lifespan of the workpieces. Mineral oils, fats oils, and synthetic ester oils were often used as
the base oils. The most significant advantage of these lubricants is the cost-efficiency and the ability to
deliver a cooling effect that helps protect the tools and workpieces. This type of lubricant can sometimes
work at a temperature up to 850 oC. For example, Shirizly et al. found that lubricant contains neat oil and
oil-in-water (1:1000) emulsion can significantly reduce the mill load in hot rolling experiments at 850C.18,
19

In addition, the authors also investigated the effect of the heating/soaking environment as well as the

location of the delivery of the emulsion spray to the rolling surface. The result shows that the soaking
environment and the emulsion delivery location did not play a major contribution to the reduction of the
mill loads.19 However, they found that the heating environment can have a significant effect on the scale
thickness and greatly change the appearance of the final product. For instance, heating the samples in a
nitrogen environment provided the best appearance with the thinnest scale, whilst the cracked surfaces and
thick scales could be observed when heating in air condition. In another study by Imea et al.18 revealed that
the reduction of the rolling force strongly depends on the concentration of emulsion. In that way, the higher
ratio of emulsion provides a better lubricating performance, as shown in Figure 2-2.

Figure 2-2. Relationship between the reduction rate of rolling load and emulsion concentration.18
Compositions include Mineral oil with synthetic ester 59 % and EP agent (A); synthetic ester 59 % and EP
agent (B); ester 5 % and Ca compound (C); ester 10 % and Ca compound (D).
A common way to improve the performance of those lubricants is to use additive agents. Azushima and
colleagues investigated the effects of solid lamellar materials and several additive agents on a wide range
of oil-based lubricants.20 By carrying out sliding-rolling tribo-simulator experiments, they reported that
when the emulsion concentration reaches 1.0 %, the friction coefficients reduce to a constant value
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regardless of the lubricant composition. In addition, the friction coefficient of the mineral oil is larger than
that of the colza oil and the synthetic ester oil. The friction coefficients of those three oil-based lubricants
are almost independent of the additive agents when the emulsion concentration reaches 3.0 %. At a lower
emulsion ratio of 0.1%, however, the friction coefficient is strongly dependent on the additive agents. In
which, oleic acid appears to be the most effective additive agent for the colza oil, while fatty oil sulfide and
graphite show the highest friction reduction in the mineral and synthetic ester oil, respectively. Although
the performance of oil-based lubricants has been demonstrated in a large number of studies, the instability
or thermal decomposition of those lubricants and the burn out of the oils at the extreme condition of the
metal forming limits their application in this area.21-23 Furthermore, the use of the oil base lubricant could
release undesirable chemical compounds into the environment.
2.2.2.

Solid lubricants

Solid lubricants have been widely used for moderate temperature applications to overcome the instability
of oil-based lubricants, which 2D materials appear to be a promising candidate due to their low shear
strength. In 2D materials, the interaction between their layers is the weak Van der Waals interaction. One
of the most widely use of 2D materials in hot metal forming is graphite. The material can provide good
lubricating performance at a moderate temperature around 500 oC.4, 5 However, the recent environmental
concern and health regarding black dust restricts the application of graphite, (labeled black lubricant).5, 6 A
number of other 2D materials such as hexagonal Boron Nitride (hBN) or transition metal dichalcogenides
(WS2, MoS2) targeting hot metal processing have been investigated.4, 24 A common method to utilize the
application of 2D material is to disperse them in an aqueous base. For example, Ngaile and Botz dispersed
boron nitride power in polydimethylsiloxane oil at a concentration of 1% and 8%.25 A ring compression
test were then carried out at two different temperature of 260, and 370 oC. Their result showed that the hBN
lubricant variant did not show any significant difference when the temperature was increased from 260 to
370

o

C as shown in Figure 2-3. In both variants, the polydimethylsiloxane facilitated

hydrostatic/hydrodynamic lubrication at 260 oC, and hBN plays a role as a barrier film that lowers the
friction. When the temperature is increased to 370 oC, the depolymerization of polydimethylsiloxane
facilitated the formation of silica. In this condition, therefore, both silica and hBN play a role as a film
barrier that reduce friction. A. Petrov et. al26 investigate the lubrication performance of several water-based
colloidal-graphite lubricants. Their report indicated that the incropration of graphite can lower the friction
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coefficient and increase the die life by 10%. Although there are a number of studies pointing out the high
lubrication performance of 2D materials, thermal decomposition at the temperature above 500 oC is still a
critical drawback for the application of 2D material in hot metal forming.

Figure 2-3. Influence of temperature on water graphite, boron nitride-silicone-1, boron-nitride-silicone-2,
and silicone oil.25
Aside from 2D materials, single metal oxide (such as RbO, AgO, B2O3, or Re2O7) and micro- or
nanoparticles have become potential solid lubricants. For example, Sliney investigates the lubricity of a
wide range of earth oxide in different environmental conditions.27 The result showed that CeO2 and La2O3
provide the best lubrication performance and wear resistance. Furthermore, most metal oxides showed a
much better performance in the air atmosphere than in the H2 atmosphere. Wang et al. investigate the
tribological performance of sodium carbonate and showed that a significant reduction in friction and wear
could be observed at temperature of 730 and 825 °C.28, 29 On the other hand, nanoparticles such as calcium
carbonate have been reported to provide a good friction reduction in metal forming. For example, Naoshi
et al. 30 investigate the effect of CaCo3 particle size and its concentration on the rolling force from the rolling
of stainless steel. They found that increasing the concentration of CaCo3 lead to a significant reduction of
the rolling force. The application of nanoparticles as an additive not only can improve the lubricity
properties but also provide a better production quality. For instance, TiO2 nanoparticles have been reported
to provide good lubricity and better surface finish.31, 32 However, it is reported that micron particles offer
better performance compared to nano-scale particles. 30 The mechanism can be illustrated in Figure 2-4. In
this case, the surface roughness of the roll was 1µm, which is the same order of micron calcium carbonate
particles. Therefore, the nanoparticles are trapped in the surface asperity leading to less effectiveness to
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reduce surface contact.

Figure 2-4. Lubricant mechanism of CaCO3 at the contact of the roll.30

2.3. Layered Double Hydroxides as a New Lubricant
Layered metal hydroxides (LMHs), including layered single (LSHs) and double (LDHs) hydroxides, are an
essential class of two-dimensional layered materials characterized by brucite-like metal-hydroxyl host
layers with or without charge balancing anions in the interlayer.33-35 Currently, these 2D ultrathin
nanosheets have been proven to own superior tribological performance as lubricant additives in water- or
oil-based lubricants, which can effectively protect the rubbing surfaces from excessive wear.7,

8

The

common chemical formula of an LDH can be expressed as [M1−x2+Mx3+(OH)2]x+[Ax/cc−]x+·zH2O (where M2+
and M3+ are divalent and trivalent metal cations and Ac− are inorganic or organic anions) (Figure 2-5). In a
few special cases, the M2+ site can be substituted by Li+, and the M3+ site can be substituted by M4+ cations.14
The materials can be stable up to the temperature of 350 oC approximately,36-39 which would make them
suitable for cold metal forming applications.
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Figure 2-5. Idealized structure of carbonate-intercalated LDHs.40
LDHs have a hexagonal layered crystal structure similar to graphite that can deliver a shear slip effect.41 In
addition, they can easily enter the sliding contact and form the protective film that can further reduce wear
and friction.42 In some specific conditions, LDHs outperform other 2D lubricant additives in terms of
lubrication performances.41 There are several benefits of using LDH materials as lubricant additives. For
example, the flexibility to tune the types of metal cations and the M2+/M3+ molar ratios result in a huge
variety of host-guest assemblies and nano architectures with versatile chemical and physical properties.
Adjusting the cation components can change the physical properties of the LDHs,14 while varying the
sandwiched anion compounds can control the spacing distance and attractive force between each layer and
can additionally manipulate the function of the LDHs.43 This compositional flexibility opens a possibility
to engineer the material structure to obtain the desired tribological properties. The particle size and shape
can be easily controlled thus allowing to directly obtain the LDHs nanosheets without further preparation
processes.43 Once obtained, LDHs nanosheets can be easily dispersed in water or aqueous-based fluid
without the aid of any dispersants or surfactants due to large numbers of hydroxyl groups existing on the
surface of LDH platelets.43 Moreover, the synthesis processes of LDHs have already been industrially
scaled-up and optimized for a long time,44 which makes them a strong candidate for the preparation of
water-based nano-lubricants in real practices. Apart from that, LDHs can be further chemically modified
by other reactive chemicals that give rise to the formation of different materials such as metal phosphides,45
metal sulphides/selenides,46 and metal carbides

47

with nanosheets structure. Thus, LDH is an emerging

additive to formulate the lubricant additive package, which opens a number of new avenues to customize
the next generation of aqueous-based lubricants.
Previous studies showed that LDHs could provide excellent friction reduction as well as antiwear property.
For example, Zhao et al.48 investigated the frictional behaviors of CoAl-CO32--LDHs and showed that the
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wear size and coefficient of friction (COF) could be reduced by 26.1% and 22.3% when the additives are
introduced, respectively. By comparing the lubrication performance of MgAl-, ZnAl-, and ZnMgAl-LDHs
with that of MoS2 and graphite, Li et al.41 showed that the three LDHs demonstrated a better wear resistance
than conventional additives under the low load condition (10N). However, at a higher load of 20N the
performance of the three LDH is low than graphite and MoS2. The study also indicated that MgAl-LDHs
provided the optimal performance among the three LDHs, which could be due to its good thermal stability.
The effects of particle size, macroscopic morphology, and chemical composition of various LDH system
has been investigated by Wang et al.49 The research showed that morphology is the most important factor
that effect the tribological performance of the LDH materials, meanwhile, the chemical composition can
have subtle influence. In their study, the flower-like LDH particles offer optimal performance. Modifying
LDH by organic anion is also another option to improve the lubrication performance of the materials. For
example, the frictional properties of MgAlCe-LDHs intercalated by succinic acid and lauric acid (MACSA-LDHs and MAC-LA-LDHs) were investigated by Li et al.50 Their result indicated that MAC-LA-LDHs
had the best tribological performance. In which, the COF and wear diameter are reduced by 4.7% and 30.2%
in comparison to that of base oil.50 Although multiple studies have demonstrated that LDHs are very
promising for anti-friction and anti-wear applications as lubricant additives, which could potentially replace
expensive conventional additives such as MoS2 and multilayered graphene. There are still several
limitations that need to overcome to boost the practical application of the materials, such as the performance
of the materials at high load condition and the working temperature need to be improved.

2.4. Glass Lubricants
As mentioned in previous sections, the performance of lubricants is significantly affected by the working
temperature, and each type of lubricant can only work effectively in a specific range of temperature. Most
of the lubricants fail to work at an extreme temperature of above 1000 oC as shown in Figure 2-6.51 At that
extreme condition, only viscous lubricants such as alkali phosphate and glass lubricant can function
effectively when they are melted at high temperature. One of the major advantages of those materials is
that their melting point and viscosity can be controlled by manipulating their chemical composition.
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Figure 2-6. Working temperature range of different lubricant classes.51
In general, glasses do not exhibit the order crystalline structure, but instead, it has an amorphous structure,
which means glasses show no regular arrangement of their atoms in the long-range.51 Nevertheless, despite
the lack of periodicity and long-range order, glasses retain a high degree of short-range order due to
chemical bonding constraints. There are three main components for the formation of a glass structure,
including glass-forming compounds, alkaline oxide, and multi-valent metals. Binary oxides such as B2O3,
SiO2, GeO2, and P2O5 are often used as glass-forming compounds.51 With high molecular connectivity, they
serve as a building block of glass and provide the high melting point of the material. On the other hand, an
alkaline oxide such as Na2O, K2O can break the molecular connectivity of the glass building block. As a
result, alkaline oxide can provide a way to control the melting point as well as the viscosity of the glass. By
contrast, a multi-valent metal such as Fe, Al, Zn, or Mo will increase the connectivity leading to the
enhancement of mechanical properties of the glasses. Therefore, the melting point, viscosity, and
mechanical properties of glass lubricant can be adjusted by manipulating the concentration of alkaline oxide
or multi-valent metal.
2.4.1. Glass Lubricants at Moderate Temperature
Although glass lubricant is expected to work at extremely high temperatures, the material gains enormous
success at a low, and moderate temperatures. One of the most famous and successful oil additives is the
glass-like compound Zinc Dialkyldithiophosphate (ZDDP).52 Due to their exceptional corrosion resistance,
wear inhibition, adhesion, and lubricating properties, the compound has been widely recognized and often
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introduced in engine oil and many industrial lubricants. Ito et al. found that by adding 1% of ZDDP into
polyalphaolefine (PAO) the friction coefficient can be reduced to 0.06 – 0.08, 53 which are 50% and 20%
lower than that in dry sliding and PAO alone. During the sliding, ZDDP will undergo a complex tribological
reaction where it produces a glass-like tribofilm with a thickness of 30-130 nm. The structure of the
tribofilm is constructed from polyphosphate backbones in which the short-change polyphosphate is lay
below the longer one forming a gradient-like structure.54-56 The reaction of ZDDP with rubbing surface is
very complicated, which is driven by both mechanical and chemical mechanisms. Therefore, a huge number
of both theoretical and experimental studies have been conducted to investigate those mechanisms.57-59 For
example. Hard-Soft-Acid-Base (HSAB) theory has been used to study the reaction of ZDDP with the
ferrous surface.52, 60 Although ZDDP is very effective in terms of corrosion resistance, wear inhibition, and
friction reduction, the use of the compound in engine oil raises an environmental concern.61, 62 When ZDDP
additives are burnt, their derivatives (mostly S- and P-containing species) can significantly diminish the
efficiency of a catalytic converter, which is a device to convert engine toxic exhaust gas to more
environmentally friendly emission, and a significant amount of toxic components is released. Therefore,
many researches have been carried out to limit the amount of hazardous by combine ZDDP with different
additives of using different phosphate compounds. For instant, Martin and Miyamoto groups introduced
zinc dialkyl phosphate (ZP) additive which provides better anti-wear function than ZDDP at room
temperature. 61, 62
2.4.2. Glass Lubricants at High Temperature

a. Phosphate Based Lubricants
Polyphosphate and phosphate glasses have demonstrated exceptional performances in oxidation resistance
as well as corrosion inhibition at hash working conditions thanks to their extremely high thermal stability.
In recent years, the excellent lubrication properties of a number of alkali phosphate glass have been
discovered by Tieu et al.63-65 Generally, the experimental studies on alkali phosphate glass at high
temperatures demonstrated that the materials could provide high viscosity and thermal stability when
melted without being decomposed. In addition, the melted glass can adhere well on the metal surfaces
provide a protective layer again wear. Compared to the unlubricated condition, the use of phosphate glass
lubricant can reduce the friction coefficient up to 60% and wear in rubbing steel-steel contact by 50%.
Furthermore, the material can create a protective barrier gains oxidation thanks to the formation of a
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phosphate compound film when the glass is melted on the steel surface.65 Although the phosphate glass
lubricants are fully melted at 800 oC it can perform well at a moderate temperature. Experimental studies
have shown that alkali phosphate lubricants provide the best performance in the temperature range from
650°C - 850°C.63, 66

Figure 2-7. Schematic of the structure within the elevated-temperature tribofilm.67

Figure 2-8. (a) Coefficient of friction as a function of time and (b) average coefficient of friction in steadystate lubrication for the steel/steel pairs at 800 °C
The contribution of alkali ions in the tribofilm of phosphate lubricant has been resolved by a combination
of advanced chemical analysis. It is believed that the appearance of those ions can facilitate the
depolymerization creating a shorter chain length of polyphosphate. As a consequence, a mixed layer with
different chain length can be found in the tribofilm as illustrated in Figure 2-7.67 Cui et al.66 tested the
tribological properties of sodium polyphosphate with different chain length including sodium meta(NaPO3), pyro- (Na4P2O7), and ortho- (Na3PO4) phosphate). The result indicated that long-chain phosphate
could be depolymerized during the sliding at high temperature leading to a formation of a gradient
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polyphosphate tribofilm in which a short chain lay near the metal surface, as shown in Figure 2-8. The
report also indicated that short-chain alkali polyphosphate provides better performance compared to the
long-chain one. The high performance of the ortho- (Na3PO4) phosphate could be due to either the high
concentration of sodium cation or the chain length effects. Furthermore, in the melt condition, alkali ions
such as sodium or potassium are very high mobility that can lower the viscosity. Due to the complexity of
the mixing phenomena, it is difficult to conclude if the low friction of the phosphate glass lubricant was
caused by cation effects, melt viscosity, or the composite tribofilm. Nevertheless, these findings showed
the potential application of glass as an environmentally friendly lubricant for friction reduction, wear, and
oxidation resistance at high temperatures.

b. Boron Based Lubricants
Boron-containing compounds, such as boric oxide, boric acid, and other organic/inorganic borates, have
been utilized for lubrication purposes, particularly in harsh working conditions. The friction reduction
properties of boron compounds originate from their layered structures (Figure 2-9) and load-bearing
capacity. In addition, Boron compounds have some crucial features such as excellent fire resistance and
antioxidant characteristics, making them a good lubricant at high temperatures.

Figure 2-9. The lamellar structure of boric acid.68
Boric acid is one of the essential compounds used to synthesis borate and other boron-based materials. The
compound has been used as lubricant additives for a long time.68 Bindal et al.69 showed that the formation
of the boric acid film on the borided steel surface at high temperatures (600-800 oC) could lead to a stably
low coefficient of friction. Another study by Ma and colleges indicated that the boric acid film could be
formed as a result of a chemical reaction between boron oxide (B2O3) with water vapor in the humid air at
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high temperatures.70 However, the study also pointed out that the surface structure in the boron-water
system is very complex, that the mechanism of the friction reduction of the system was not clearly
identified. Apart from boric acid, boron nitride is another potential lubricant additive for high-temperature
application. The material has been reported to work at extremely high temperatures from 850 to 1500 oC.71,
72

Celik et al. reported that the addition of nano hexagonal boron nitride in engine oil could enhance the

friction reduction and wear reduction by 14.1% and 65%, respectively.73 The structure of boron nitride is
reported to be very versatile, especially under harsh working conditions. i.e., Lavernko and colleges showed
that the BN at an extreme temperature above 1300 oC could transform from wurtzite-like into a stable
hexagonal lattice (hBN).72 BN compounds are well-known for their thermal stability and oxidation
resistance at high temperatures. As a result, the materials have been employed as a coating layer for
oxidation resistance. Liu et al.74 demonstrated that when coated on a nickel surface, the bilayer h-BN can
be stable at a temperature below 1500 oC in humidity air without any chemical reactions.

Figure 2-10. Coefficient of friction and wear loss volume of steel lubricated by sodium tetraborate.75
Alkali metal borate such as potassium borate and sodium borate are known for their antiwear resistance and
load-carrying capacity at a moderate temperature of below 300 oC.76-78 The application of alkali borate for
high-temperature lubricant has been discovered recently by Tieu et al.75, 79, 80 The author reported that the
sodium tetraborate could form a sodium-rich tribofilm when melted at a temperature of 800 oC (Figure
2-10). The tribofilm contains a highly polymerized borate on top of a sodium-rich layer. Interesting, the
formation of the sodium-rich layer is independent of tribological operations such as pressure and sliding.
By comparing with the case of pure boron oxide, their study also suggested that sodium plays an essential
role in friction reduction, antiwear, and antioxidation properties of the lubricant. The incorporation of
sodium content in the tetraborate structure is acknowledged as the primary factor responsible for its superior
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tribological performance over pure boron oxide.

c. Silicate lubricants
Inorganic silicate compounds are well-known for their mechanical and thermal stability under high
temperature and pressure. The materials are not only friendly to the environment but also abundant in
nature, leading to their low production cost. In addition, the high specific heat and high latent heat of alkali
silicates can protect the systems from local overheating.15 The application of silicate compound as a
lubricant/additive has been reported in several publications and patens. For example, an aqueous solution
of sodium/potassium silicate has been used as a lubricating grease as reported in the US patent 3,375,729
and 3,350,307.81, 82 The patents indicates that sodium silicate and potassium silicate provide the optimal
tribological performance when the SiO2/Na2O and SiO2/K2O weight ratio between 1.0 – 2.5 and 1.0 – 2.2
respectively. Under elevated temperature and high pressure, silicate can react with the metal/metal oxide
surface leading to the formation of a strong metal silicate tribofilm which protect the sliding surface.82 Apart
from silicate glass lubricant, several layered sodium silicates have been reported to possess high tribological
performance as a lubricant additive such as kanemite (HNaSi2O5.3H2O), α-Na2SiO5, β-Na2SiO5, δNa2SiO5.83-85 For example, Z.Chen and colleagues showed that by adding only 1% of Mg- and Ca- kanemite
to the mineral oild, the wear scar diameter can be decreased by more than 50% while the seizure load is
increased by 27%.85
Silicate can be used as a combination with other lubricant additives to improve the performance under
extreme conditions. i.e., The friction reduction as well as the effective working temperature can be
improved by mixing with expanded graphite and silicate.86, 87 It was shown that the glass compound could
work well at an extreme temperature of 900-1200 oC. Yu et al.88 indicated that combine silicate with
diamond-like carbon (DLC) could enhance the adhesion of the DLC film, which helps to reduce the
roughness of the sliding contact and improve the friction reduction. In a similar work by Zhang and college,
silicate additive is demonstrated to resemble DLC film and reduce the coefficient of friction by 40%. An
interesting phenomenon when using silicate lubricant/additive is the self-healing properties of the worn
surface. Yue et al. investigate the self-repairing property of Al4[Si4O10](OH)4 additive and found that the
silicate nanoparticles can play a role as a catalyst that activate a number of chemical reactions to produce a
carbon-rich tribofilm.89
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Figure 2-11. Coefficient of friction (u) at various temperatures (530, 645, 730, 825, 920, and 960 oC) in dry
and sodium metasilicate (NSO) lubricated condition.90
Recently, a series of environmentally friendly sodium silicate lubricants and their mixtures with borate and
expanded graphite has been reported

86, 90-92

. The sodium silicate compound can provide excellent

tribological performance such as friction reduction, antiwear, and antioxidation at a high working
temperature from 920 oC to 960 oC (Figure 2-11). The finding shows the potential of the silicate compound
as a lubricant for high-temperature processing such as hot metal forming. Owing to the environmentally
friendly property and low production cost, which is not the case of phosphate and borate lubricants, the
materials are a promising candidate as an alternative solution for the traditional ZDDPs and other
conventional lubricant additives. However, the lubrication performance of silicate lubricants still needs to
improve to match with ZDDP.

2.5. Computational Study of Tribological Systems
Recent years have witnessed an accelerated research on tribochemical reactions in tribological
systems. Together with new experimental findings, atomic modeling has increasingly contributed to the
understanding of mechanistic insights and interpretation of tribochemical reactions and related frictional
outcomes. Apart from showing agreement with experiments, efforts have been paid to develop simulation
codes and models to bring simulations closer to practical tribotests with a reasonable computational
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expense. It has increasingly provided more in-depth insights into reaction mechanisms that experiments can
hardly explain. More importantly, simulations have actively contributed to predicting dynamic results insitu, thus narrow down experimental selections and design instead of lengthy trials and errors.

Figure 2-12. Overview of the investigation of physical/chemical interactions in tribosystems using common
atomic computational simulations.
There are some common methods that have been currently utilized to study tribochemical reactions between
lubricants/additives and surfaces, such as MD, tight-binding (TB), DFT, first-principles molecular
dynamics (FPMD), and hybrid methods such as QM/MM as shown in Figure 2-12. This review will
systematically highlight standouts achieved by the above simulation methods under the tribochemistry point
of view and update the current status of the techniques. Based on the recent development, we outline future
prospects for the simulation and modeling section in tribochemistry.

2.5.1. Tribochemical reactions by quantum mechanics simulations
a.

DFT simulations

DFT is one of the most common quantum mechanics method to study chemical reactions because of its
high accuracy, reasonable speed, parameter-free characteristic, and the description at the atomic and
electronic levels. Based on the solution of the electronic wave function of the Kohn–Sham equation,
information about ground state energy, stationary configurations, electron transfer, and other electronic
structure can be revealed. Thus, DFT is a method of choice to study surface-lubricant interactions, chemical
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reactions, binding energy, and potential energy surface (PES) for atomic-scale friction. Other ab initio
methods such as Hartree-Fock are limitedly used for tribochemical systems.

Molecular optimization and surface – lubricant reactions
One of the first publications using ab initio and semi-empirical quantum chemistry methods in
tribology is to reproduce the structures and obtain some basic parameters of the lubricant/additive molecules
such as ZnDTPs and ZDDPs

93, 94

. Some basic parameters such as bond length, bond order, bond angle,

vibrational frequencies, and partial charges could be used for either validation with experimental data or
subsequent force field training for dynamics simulations of the tribochemical reactions. The structures of
the possible reactants, intermediates, and products on the surface or the molecular decomposition were also
investigated for ZDDP additive 95, 96. The results of these studies have provided a series of chemical species
that are responsible for the excellent antiwear property of ZDDP. For instance, Porankiewicz and Chamot
estimated possible decomposition products and subsequent generation of organometallic complexes by
reactions with the iron surface 97.
Surface-lubricant interactions play a crucial role in determining the wear and friction reduction
capability of a tribosystem where most chemical reactions and frictional behaviors are initiated at the
interfaces. Therefore, the performance of a lubricating system is dictated by the surface-lubricant
interactions and the resulting tribofilm formation, which include physical/chemical adsorption and
subsequent tribochemical reactions, i.e., bond formation/dissociation, cation exchange, polymerization, and
depolymerization of lubricant molecules. In some tribosystems, the bearing layer anchors to the surface
through physical adsorption, while in extreme conditions, tribochemical reactions and tribofilm formation
are inevitable. Generally, the adsorption of lubricant molecules plays a crucial role in determining the
precursors for the subsequent tribochemical reactions with the surface. Thus, understanding the adsorption
from the first step is essential for optimizing the tribofilm formation process. Kolesnikov et al. reported the
adsorption of alkali metal phosphate on the iron surface and the possible transformation of phosphate
structure during the interaction with the iron surface. Considering a (PO4)3- fragment, the author found that
the most favorable configuration of phosphate group adsorption on the iron surface is through two oxygen
atoms. However, an iron cluster was used in this research to represent the iron surface, which is insufficient
to embody the property of the surface 98. The drawback has been improved by Ta et al., Le et al., and Righi
et al., who carried out the adsorption of lubricant molecules on metal/metal oxide surface 99-101. For instance,
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sodium phosphate interaction on iron and iron (III) oxide surface was investigated, and the following
electronic structure calculations shed light on the nature of the interactions

101

. Figure 2-13 shows an

example of lubricant adsorption on metal/metal oxide surface, and the corresponding electronic structure
analyses to interpret the bonding strength and interaction mechanisms. The simulation results explained the
effectiveness of different phosphate compounds observed from experiment 66. Furthermore, the effect of
small molecules on 2D materials of graphene and MoS2 has been pointed out by Righi’s group

102

. The

results from lubricant adsorption provide useful information about the structures and configurations of the
initial reactants for the subsequent tribochemical reactions.

Figure 2-13. Adsorption of sodium pyrophosphate on Fe (110) and Fe2O3 (0001) surfaces and the
corresponding electronic structure analysis of bond overlap population obtained from DFT calculations. 101
Details of structures of reactants, products, intermediates, reaction pathways, as well as possible
mechanisms of the tribochemical reactions can be properly considered using the DFT method. Onodera
group has applied the transition state (TS) search to find reactants, products, and transition states of the
tribochemical

reaction

between

a

polytetrafluoroethylene

aluminum/aluminum oxide/copper oxide surfaces

103, 104

(PTFE,

C5F12

was

chosen)

and

. Reactions occurred by breaking C-F bonds

accompanied by the formation of two chemical bonds between aluminum and fluorine on the aluminum
surface. Therefore, after the reaction, the aluminum surface was terminated by fluorine atoms. It was
experimentally proven that aluminum fluoride formation decreases the tribological performance of PTFE
as it restricted the tribofilm formation. Apart from that, the effects of environmental factors such as humid
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air on the performance of PTFE were also considered

105

. DFT-optimized structures and transition state

search technique indicated that the depolymerized chain (C5F10) of PTFE preferentially reacted with water
vapor than with oxygen or nitrogen. On the basis of DFT results, subsequent MD simulations were carried
out to survey the frictional behavior of PTFE-aluminum with various surface terminations. In this case, the
MD simulation was modeled based on the tribochemical reactions predetermined from the DFT
calculations. This combination can solve the lack of electronic exchange information in classical MD
simulations, yet still observe reactions in dynamic environments. The decomposition mechanism of
trimethyl phosphite on iron surface Fe(110) was reported by Righi’s group 100. The reaction pathway of the
trimethyl phosphite dissociation was proposed in terms of energy barrier calculations. As suggested by the
DFT results, trimethyl phosphite dissociated on the iron surface through the detachment of each –CH3 group
leaving P–Fe bond on the surface as the most stable one. Recently, Tieu’s group proposed the
decomposition paths of sodium polyphosphates (Na4P2O7 and Na5P3O10) as clusters and on the Fe2O3
surface 99, which revealed a catalytic effect of the iron oxide surface on the dissociation of bridging bonds
in the phosphate molecules. The predicted decomposition products were consistent with the subsequent
FPMD results at 1000 and 1100 K, which helps to understand the alkali phosphate reactions on the steel
surface.
The inclusion of an opposite surface in the DFT calculation models can account for the counter surface
effects. This kind of model is capable of describing the interactions of atoms on different surfaces, which
is commonplace in tribological confined models. Pakkanen reported the reactions of two methylated
diamond surfaces and found that the cleavage of C–C surface bonds and the subsequent new bond formation
could form carbon debris on the sliding interface

106

. Similarly, bond formation and breaking of C–C

covalent bonds at the diamond surfaces initiate high shear forces. In contrast, the surfaces coated with -OH
and -H tend to reduce the work of adhesion and shear strength

107

. By using two Fe counter surfaces

terminated by different concentrations of phosphorus, Righi’s group found that the work of adhesion
depends on the concentration of phosphorus passivated on the Fe surfaces. Thus it was found that complete
iron phosphide performed best in reducing the resistance between two iron substrates 108.
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Figure 2-14. A theoretical model of applying pressure in benzene placed between two Pt/Au substrates. 109
The simulations of tribochemical reactions under extreme conditions such as high pressure or shear can be
modeled manually in order to overcome the limitation in embracing dynamics properties in the DFT
method. For example, the application of pressure is modeled by varying the contacting gaps stepwise to
account for pressure variation as a function of the gap height. The external force is estimated by the energy
change against the gap height between two substrates. To account for the loading effect, Yubo et al. built
the model of benzene placed between Pt/Au substrates, and the applied load was controlled by decreasing
the distance between each pair of the metal surface by Da ranging from 0.2 to 0.02 Å as described in Figure
2-14 109. This process corresponds to the compression of the system with a certain pressure depending on
the value of Da. During the compression, C–H bond breaking and the linking of broken C–C bonds were
observed on the Pt surface as a result of mechanical load rather than catalytic effect. A similar method has
been applied to study the chemical reactions in sodium borate glasses with different concentrations of Na2O
confined between two Fe2O3 surfaces 110. The authors found that reducing the interfacial gap between the
two Fe2O3 substrates leading to the polymerization of the sodium borate and the bond formation at the
surface-lubricant boundaries. The phenomena increase the hardness and the network connectivity of the
borate lubricant. The corresponding electronic structure was analyzed to provide an in-depth understanding
of the polymerization phenomena in the system. Another method to account for the load effects is by
controlling the simulation cell by applying a perpendicular stress to the surface 111. Loehlé et al. has found
that the effects of the applied loads lead to the dissociation of the phosphide molecules embedded between
two iron surfaces

111

. Apart from pressure, the impacts of shear on chemical reactions and structural

transformation of the tribosystems have been modeled by a relative surface movement by Tieu’s group 112.
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In this method, the two surfaces were relatively shifted to each other with a minor distance of 0.025 Å at
every optimization step for a total distance of 20 Å. The authors found that the sliding induced severe bond
rupture at the interface, which is responsible for the removal of iron from the surface and the increased
shearing energy. The presence of alkali cations with a high concentration playing a role in supporting the
shear in the system has been pointed out, which provided insights into mechanisms of lubrication in alkali
glass lubricated systems.

Potential Energy Surface and atomic-scale friction
DFT was used to quantify the nanoscale friction and map the PES of tribological systems. The idea of
measuring the atomic-scale friction by theoretical methods was proposed by Zhong and Tománek 113 in the
90s based on the Amontons and Coulomb basic laws of friction. In this method, the PES is generated by
mapping the adhesion energy between two surfaces, and the friction along a sliding direction is obtained
by the variation of the potential energy. At the atomic level, adhesion is dictated by the physical/chemical
interaction between the surfaces. Therefore, the PES can be used to represent the interaction strength
between two surfaces in a sliding contact. For example, Righi et al.114 found that the decreasing of interfacial
hydrogen coverage in planar diamond surfaces could lead to the formation of C-C covalent bonds at the
interface. As a consequence, the PES corrugation increased significantly in this case and resulted in high
friction.
The method was applied to assess the atomic-scale friction in Pd-graphite systems 115, and the systems of
different layered materials including diamond/diamond, graphene/h-BN/MoS2 contacts as presented in
Table 2.1. The technique appears to be an effective method that provides a straightforward and quantitative
assessment of friction. The advantages of the technique in providing electronic-scale information allow us
to understand the relationship between interfacial charge density and chemical bonding and the resultant
frictional properties

116

. However, the application of the method is still limited to flat surfaces and 2D

materials. The adaptation to suit 3D tribosystems such as polymers, glasses, ionic liquids, mixed lubricants
seems not to be viable due to the disordered or anisotropic geometries of these lubricant molecules.
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Table 2-1. DFT calculations for PES and nanoscale friction
System

Main results

References

Graphene/graphite and 2D Materials
Pd on graphite

Friction force/coefficient caused by chemical bond strength,
interaction potential, and external force

115

graphite and an Hterminated surface

Low coefficient of friction of 0.011-0.015

117

Graphite layers

Nanoscale friction coefficient, superlubricity

118

Graphene oxide

The relationship between friction and interfacial interactions

119

Graphene/multilayer
graphene

The frictional mechanism, electronic charge distribution, and
friction-load relationship

120-123

graphene/h-BN,
graphene/MoS2
heterostructures

Superlubricity of the heterostructures.

124-127

Graphene and doped
graphene

Improvement of lubricity and adhesion by doped atoms

128

Ir/Au Tips on
Graphene/Ni(111)
Substrate

Novel frictional properties and an anomalous negative friction
coefficient of (Ir or Au) tip and the graphene/Ni(111) substrate

129

MoO3, MoS2, and MoO3
/MoS2

PES, energetic barriers, and contribution of electrostatic interactions
under the sliding motion at increasing loads

Layered double
hydroxides

PES, energetic barriers, and frictional mechanism

132

Phosphorene

Superlubricity

133

130, 131

Metals/Metal oxides/Others
Al/TiN,

Dependence of interfacial properties on given configurations

134

Tin+1Cn (n=1, 2 and 3)
MXene

The calculations reveal the sliding pathways in all three MXene
systems with low energy barriers

135

Gr, Fe, C, Fe-S, Fe-Gr,
C-H

Friction forces and interfacial charge density

116

Cu(111)

A model to obtain nanofriction, dissipative sliding mechanism

Interfaces of elemental
crystals

Adhesive friction is rooted in the chemical interactions at the
interface

138

Cu-MoS2, Cu-Gr, Ti-Gr

Superlubricity with low sliding barriers

139

Na-passivated Fe2O3
surfaces

Friction reduction in the Na-passivated system compared to that of
the clean surface.

140
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136, 137

Binding strength – wear relationship
In general, lubricant molecules are initially adsorbed chemically or physically on the metal surface, creating
an adsorbed layer. It has been indicated that this step plays a crucial role as it provides the precursors for
the tribofilm formation in the following steps. If the interaction of lubricant additives and the surface is
strong enough, the chemisorbed layer will be formed and prevent the direct surface–surface contact as well
as the further penetration of other species to the underlying layers. The prediction of wear performance
based on lubricant-substrate binding energy was first proposed by the Goddard III group, who used the
SAM model of DTP molecules on the Fe2O3 surface and found that the cohesive energy was in accordance
with the antiwear capability measured by a tribotest 141. In particular, the better surface-lubricant/additive
binding provides superior wear resistance and surface protection than a weaker mating system. Thus, a
tribofilm made of stable bonds requires a higher energy barrier to be dislodged from the interacting surface.
This finding opened a way of assessing the experimental wear quality by a theoretical prediction in surfacelubricant/additive adsorption systems in boundary lubrication 101, 142.
An alternative criterion to assess metal-lubricant binding strength and wear inhibition of a lubricant is by
comparing the electronic structure properties such as the highest occupied molecular orbitals (HOMO), the
lowest unoccupied molecular orbitals (LUMO), and the energy gap of valence electrons in lubricant and
metal surface. These qualities are representative for the chemical reactivity of substances and the capability
of an additive molecule to undergo a chemical reaction with a metal surface 143. Accordingly, a substance
with the HOMO at a higher energy is more likely to donate its electron to the LUMO of other substances
with lower energy. For example, Jaiswal et al. proposed that the tendency of antiwear effectiveness of some
additives such as cefixime, cefadroxil, cephalexin, ZDDP, paraffin oil, Schiff bases, etc., on the iron surface
is correlated with their band gaps 144-149. The relationship has been proven to be consistent with antiwear
inhibition evaluated from experiments.

b. First-Principles Molecular Dynamics Simulations
While the classical MD simulation uses empirical force-field to evaluate the potential energy and the forces,
FPMD uses first-principle methods to calculate the potential energy. It is worth mentioning that the usage
of the DFT is a method of choice since it provides a balance between computational cost and accuracy.
However, there are many first-principles methods, such as Hartree-Fock and second-order Møller–Plesset
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perturbation theory (MP2), that can be used to evaluate potential energy. In literature, it is common but not
always true to refer FPMD as DFT based molecular dynamics simulations. Therefore, in order to match
with the literature, the term FPMD in this review is related to DFT based molecular dynamics simulations.

Reactions within a lubricant layer
Mosey and Woo were the pioneers who used FPMD to study the tribochemical reactions and prediction of
antiwear precursors. In particular, the combination of static DFT and FPMD was carried out to investigate
the thermal decomposition of ZDDP monomers, dimers, and isomers at 1000 K

150

. Several thermal

decomposition pathways involving the loss of radicals, olefins, and sulfides led to the components of
antiwear film precursors were proposed. On the other hand, the reaction of meta-thiophosphates (MTPs)
with ZDDPs, and the formation of phosphate chain under a high-pressure condition were performed with
NVE ensemble at 500 K. The simulations have successfully described the formation of zinc phosphate
antiwear film from ZDDPs 151, 152.
Apart from temperature, pressure has been applied to investigate the chemical responses of lubricant
molecules under compression

153

. Pressure-induced changes in bonding and coordination number of

triphosphates (TPs) and zinc phosphate (ZPs) were reported in Figure 2-15 154-156. Accordingly, separated
phosphate molecules (P3H10O5) were heated up to 1000 K and quenched down to around 300 K while the
pressure changed from 0 to 20 GPa. Under compression, polymerization occurred via bridging oxygen
atoms and was involved in the modification of bonding at phosphorus sites. In contrast, ZPs underwent a
cross-linking process dominated by the change in the coordination number from tetra-coordinate into pentacoordinate at zinc sites rather than phosphorus sites. The cross-linking network of phosphates explained the
existence of long-chain phosphates on the top of the tribofilms

157

. Zn can act as a cross-linking agent

because of its flexible coordination number, so-called ‘smart material behaviors’ 158. The zinc atom could
alter between di-, tri-, and tetra-coordination during the initial compression and penta-coordinate or hexacoordinate when the pressures exceed 17 GPa

155

. This characteristic is essential for the elasticity of the

material in response to the pressure changes and the antiwear functionality of zinc tribofilm.
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Figure 2-15. Visualization of the structures of zinc phosphate during the FPMD simulation: (a) initial
structure, (b) the final structure of the compression-decompression cycle, and (c) structure of zinc phosphate
at 17 GPa.155
The transformation of aldehydes under increasing pressure from 0 to 30 GPa at different temperatures of
300, 500, and 1000 K (with pressure rates of 10 or 2 GPa/ps), was also investigated by the Mosey group
153, 159

. The polymerization occurred when the system reaches a critical density value of 1.7 g/cm3 by the

formation of C−O bonds between acetaldehyde (MeCHO) molecules

159

. On the other hand, for

thioaldehyde (MeC(H)S), the oligomerization proceeded through C−S bond formation was facilitated by
applying pressure. Furthermore, the replacement of O by S in MeC(H)S significantly lowered the
polymerization threshold from 26 to 5 GPa. Electronic structure calculations were also performed to
rationalize the different polymerization mechanisms in these systems.

Surface-lubricant interactions
FPMD is a powerful method to study chemical reactions of lubricants on metal/metal oxide surfaces to
study high-temperature lubrication as both the dynamics and the reaction aspects can be described
simultaneously in one system. Tieu group has performed FPMD of inorganic lubricants of sodium
phosphate/silicate/borate on Fe2O3 surface at high temperatures exceed 1000 K 99, 160, 161. The simulations
started with building phosphate/borate/silicate glasses by the melt-and-quenching technique, which
includes the melting of the glasses at an extremely high temperature (4000 K), and the rapid cooling of the
systems to the desired temperature, i.e., 300 K, to obtain the glassy state. At high temperatures, the inorganic
polymers tend to be depolymerized into shorter chains. The process is catalyzed by the oxide surface as
parts of the molecules adsorb and bind to the surface via Fe−O covalent bonds prior to or after the molecular
dissociation 99. In these systems, the non-bridging oxygen plays a vital role in the adhesion of the lubricants

54

on the surface. In the sodium borate lubricated system, the authors found that high temperature initiated
sodium mobility, thus facilitated the formation of a sodium-rich layer on the Fe2O3 surface thanks to Na−O
ionic interactions

160

. Furthermore, the polymerization/depolymerization mechanisms and chemical

reactions occurring during the FPMD simulations were interpreted by electronic structure analyses from
the subsequent static DFT calculations.

Tribochemical reactions
To account for the sliding and pressure in tribological systems, FPMD packages such as Quantum Espresso
(QE), CPMD were modified to integrate the dynamic conditions of compression and shear to represent
tribochemical reactions in practical tribotests 107, 162-165. The general idea of this method is to build a model
of two substrates separated by lubricant/additive molecules. The quantum codes were modified to allow the
movement of atoms at the substrates by applying a lateral force. The shear was also applied by introducing
an uniform deformation of the simulation cell.
Mosey group performed FPMD simulations for tribochemical reactions at α-Al2O3 (0001/0001) interfaces
lubricated by various chemical substances such as OH-termination
and acetaldehyde molecules

164

163, 165

, CH2(OH)2 and C2H4(OH)2

166

,

. The shear was modeled by applying a uniform deformation along the

sliding direction, as depicted in Figure 2-16a. In the OH-terminated Al2O3 system, the author found that the
sliding and frictional behaviors of the system depends on the Al−O bond formation across the interface,
particularly slip mechanism could be initiated as a result of the change in hydrogen bond at low pressure or
the Al−O bond dissociation at the interface at high pressure

163

. The bond changing at the interface was

directly related to the static friction induced by the bond formation and dissociation

165

. In the system

separated by larger molecules such as aldehydes (MeCHO), the increasing pressure led to the
polymerization by forming MeCHO dimers, trimers, and even higher-order oligomers. Whereas, the
shearing deformation resulted in the bond rupture of the dimers/oligomers or of the dimers and surfaces,
leading to the increased friction in the slip mechanism 164.
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Figure 2-16. Sliding models of deformation shear (a) and confined shear (b) using the modified Quantum
Espresso code 163, 167.
Another method to describe tribochemical reactions in sliding quantum dynamic systems is using confined
shear, which was first established by Righi’s group using Car-Parrinello molecular dynamics (CPMD)
168

simulation

. The technique allows the simulation to model up to 500 atoms with a reasonable

computational resource. In this model, the sliding motion is performed by a relative displacement of the
two counter surfaces, as illustrated in Figure 2-16b, which closely mimics the experimental shearing
process. The code has been applied to simulate tribochemical reactions occurring between water and carbon
films

162, 168

or MoS2 surfaces

168

to understand lubricating mechanisms in these systems. Kubo’s group

investigated the tribochemistry of water at the sliding interfaces of silicon-based materials using the CPMD
code

169, 170

. The authors found that the formation of the Si-O-Si interfacial bridge could suppress the

shearing motion. However, an adequate amount of water could separate the two contacting surfaces and
prevent the formation of the interfacial bridge. Compared between Si3N4 and SiC surfaces, the
tribochemical reactions were similar at the two surfaces but more preferable on Si3N4 system, which
resulted in a shorter running-in time of the Si3N4 compared to that of SiC 170. Most recently, Tran et al. have
applied the shearing model in sodium silicate confined between two Fe2O3 surfaces at a high temperature
of 1361 K 167. The results showed a good agreement with the experiment, which observed the formation of
a sodium-rich layer on the iron oxide surface during the frictional process. The mechanism of the sodium
enrichment at the interface was explained by the electrostatic interaction between Na+ and oxygen on the
surface.
The advantage of this method is the observation of tribochemical reaction under the consideration of
temperature, loads, and sliding. Among the simulation methods for tribochemistry, FPMD provides the
most realistic model for the experimental tribotests. However, the computational expense is a big issue
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since it limits the size of the systems (usually less than 500 atoms), which is far from large realistic scenarios
and suffers from time-consuming problems. On the other hand, the modification of DFT codes is not a
trivial task that requires experience in programming skills as well as in-depth knowledge of quantum
chemical codes.

c. Tight-binding Molecular Dynamics Simulations
With the capability of dealing with tribochemical reactions initiated by dynamic conditions at a larger scale
than normal DFT and FPMD simulations, TB can speed up the simulation up to 5000 times compared to
the conventional FPMD 171. The method has been applied for the complex heterogeneous interfaces where
reactive force field parameters are not available. The Kubo group has first developed the code “Colors” to
simulate the chemical dynamics in polishing processes

171

, catalytic effects

172

, and proton transfer

processes. The method was applied to study tribosystems or combined with an MD code for a hybrid
simulation of QM/MM 173. In tribology, the first TB method was applied to study tribochemical reactions
between diphenyl disulfide on the Fe(001) surface at room temperature and a relaxation time of 678×10-15
s 174. Later research using the TB method focused on diamond-like carbon systems with different surface
terminations such as hydrogen or fluorine under frictional shear conditions

175-177

. Another system added

methanol molecules as a lubricant confined between two H-terminated DLC substrates. The decomposition
of the methanol molecules was found to provide a low friction under the shearing condition 178. A recent
report considered the sliding of an alumina substrate against a DLC counterpart at high temperatures from
100 to 1000 K 179. An interesting frictional behavior was observed when the temperature rises from 300 K
to 600-800 K and then 800-1000 K, i.e., friction firstly increases and then decreases through the three
temperature regions. This phenomena was explained by the tribochemical reactions occurring at 600-800
K, which initiate the formation of interfacial bonds that enhanced the adhesion between two substrates.
Meanwhile, the interfacial bonds were dissociated from 800 K, leaving a gap between the two substrates
and thus ease the sliding motion 179.
One of the highlight achievements of this method is that it can capture real-time observation of friction
coefficient and chemical events that account for the frictional results. Furthermore, the combination of
electronic structures such as the density of states (DOS), Mulliken charges, and bond overlap population
together with frictional properties greatly supports the detailed understanding of the frictional behaviors.
However, the use of the TB method can hardly be universal like the conventional quantum mechanics
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methods as the technique still requires parameterization for some qualities such as Slater exponent and
ionization potential, which are derived from quantum or empirical sources. Thus, the unavailability of
parameters for new combinations such as metal-lubricant heterogeneity that contains a number of different
atoms limits the widespread application of the method in tribochemistry.

2.5.2. Tribochemical reactions by MD simulations
a. MD with classical force fields
Classical FFs inherently cannot describe bond breaking or formation due to the nature of the commonly
used bonded terms in the potential functions; thus, they are unable to describe tribochemical reactions.
Instead, the design of the simulation models can depict a part of or subsequent chemical reactions based on
predetermined quantum chemical or experimental data.
Goddard and coworkers designed the SAM model for studying wear and corrosion inhibition 141, 180-182. The
model was applied to the case of the oleic imidazoline oil and dithiophosphate (DTP) on the iron oxide
surface and the monolayer of n-alkane. Based on the model, the corrosion inhibition was essential aspects
such as the strong bonding of the head group to the active sites on the metal surface, the self-assembly of
the inhibitors, and self-organization of the tails to form a film 180. Furthermore, the cohesive energy of the
SAM is correlated with the wear performance of the inhibitors obtained from experiments, which enables
the SAM model to predict the wear performance and select potential wear inhibitors prior to conducting
expensive experiments.
Martin and Miyamoto modeled the digestion of Fe2O3 wear particles in ZDDP and ZP

61

, zinc

metaphosphate (Zn(PO3)2) 57, 183, and calcium borate (Ca3(BO3)2) 184 under the effects of pressure and shear.
In the simulation model, Fe2O3 particles were embedded in the center of lubricant/additive, and the whole
lubricant layer was confined between two Fe substrates, as shown in Figure 2-17. The two-body
Buckingham potential was applied for zinc metaphosphate/calcium borate, while Lennard-Jones potential
was applied for interfacial interactions between metaphosphate/calcium borate and Fe surfaces. The
reaction was observed under the combination of compression and shear by the complete digestion of Fe2O3
particles into the lubricant environment, thus eliminated the abrasive wear particles in the contact area.
Despite the simple model, the simulations provided a general picture of interfacial interactions and
explained the wear protection of the lubricant additives. However, the diffusion of wear particles had
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already been predetermined by embedding a Fe2O3 cluster in the center of the lubricant layer, which made
the simulation unrealistic.

Figure 2-17. (a) simulation model designed for investigating tribochemical reactions of ZDDP with iron
surfaces using classical MD. (b) Fe2O3 wear particles in the center of the tribofilm. 61
Miyamoto group also developed a new MD program called “NEW-RYUDO-CR”, which allows chemical
reactions to occur during the simulations 185. While the bond energy is represented via the Morse potential,
the basic idea of bond formation and breaking was implemented by changing the potential functions and
parameters corresponding to the values before and after the tribochemical reactions. Thus, the chemical
reactions were predefined through a set of parameters obtained from quantum mechanics or available
experimental data.

b. MD with reactive force fields
MD simulations with reactive potentials such as reactive empirical bond order (REBO), adaptive
intermolecular reactive empirical bond order (AIREBO), charge optimized many body (COMB), or ReaxFF
force fields are an advanced alternative technique of classical MD as it enables to account for bond
formation and bond breaking in a dynamic system 186. These force fields describe explicit bonds by the term
bond orders, which allows continuous bond forming and breaking between atoms in a system. A detailed
review of reactive molecular dynamics simulations in tribochemistry is referred to Martini et al. 187. In this
work, the mainstream is the simulations of tribochemical reactions in dynamic systems, including
temperature, pressure, and sliding. In order to compare with other dynamic methods, this section mainly
focuses on some results of tribochemical systems carried out by reactive MD using confined shear models.
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One of the initial potentials in the reactive force field group used for the simulation of tribochemical
reactions is the empirical hydrocarbon potential, which was developed and applied by the Harrison group
188-192

. The potential was derived from empirical and/or quantum mechanics data, which includes a many-

body bond order function. Thus, it can account for intramolecular interactions of chemical bonding in
diamond and graphite systems 188. The force field was used to study the chemical interactions between two
diamond and hydrogen-terminated diamond surfaces. It was found that the chemical bonds in partial
hydrogen-terminated diamond surfaces initiated surface adhesion 188, 191. The chemistry of wear was found
when ethyl (-CH2CH3 or -R) groups were chemisorbed between two diamond surfaces. Sliding was
achieved by moving the rigid upper surface at a constant velocity of 1 Å/ps. The study observed the
hydrogen detachment/recombination, carbon-carbon bond formation, and the creation of molecular wear
debris. By using this potential, atomic-scale friction of diamond surfaces and their hydrogen-terminated
ones have been obtained for different facets of diamond (100) and (111) surfaces 189. Furthermore, atomicscale friction was determined for different applied loads, temperatures, and sliding speeds 190, 192.
REBO and AIREBO force fields have been widely used in diamond and graphene to study atomic-scale
friction and tribochemical reactions. The force fields consider the intermolecular interactions within the
first- and second-nearest neighbor, thus not only atom pairs but also the local environment are considered.
The force fields were firstly applied for diamond, diamond-like carbon contacts with amorphous carbon or
hydrocarbon films 193-197, and tip-monolayer models 197, 198 by the Harrison group to investigate mechanisms
of wear and adhesive interactions. The adhesion between the film and the surface results in increased
friction, and the unsaturated sp- and sp2-hybridized carbon is responsible for the interaction 195. Meanwhile,
the simulations of loads and shear of alkane and alkyne systems can observe polymerization between carbon
chains, and the covalent bond formation between the carbon layer and the tip at the unsaturated carbon sites
is the main reason for the increased friction found in the system

197

. These simulations have observed

nanoscale friction and the accompanied tribochemical events to interpret the frictional properties from a
tribochemistry point of view

199-201

. Combined with DFT and atomic force microscopy (AFM)

measurements, the MD simulation of two hydrogen-terminated carbon surfaces with different sp/sp2hybridized carbon surfaces, surface alignment, and surface roughness showed that, incommensurate
alignment of atoms from the opposite surfaces could reduce friction dramatically

202

. Recently, Ma and

coauthors applied the REBO potential for the study of the formation of graphene-like structures dominated
by sp2 carbon induced by shear from amorphous carbon films 203. This group also developed the models of
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mono- and multilayer graphene-coated AFM tips sliding against a 15-layer graphene substrate 204. The study
has observed atomic-level stress distribution, local contact pressure, and atomic observation of wear. Zhang
et al. carried out large-scale atomistic simulations to investigate the effects of grain boundary in graphene
supported by a SiO2 substrate 205 and the self-lubricity of Cu-based nanocomposites 206. The system of up
to 500000 atoms has been modeled by combining different levels of reactive and non-reactive force fields
for the lubricant, the substrates, and the lubricant-substrate interfacial interaction. In particular, the second
generation of REBO potential was used for carbon in graphene, while Tersoff and EAM potentials were
used for SiO2 and Cu, respectively 205, 206. Although the interfacial interactions between graphene and the
SiO2/Cu substrates were modeled using the simple Lennard-Jones function, the breakthrough of the
simulation models up to half a million atoms has brought atomistic simulations one step closer to practical
systems.

Figure 2-18. Bond formation and dissociation in phosphoric acid sheared between quartz surfaces at 1400
K by ReaxFF.207
The ReaxFF force field is the most developed potential in the reactive force field group that is capable of
describing bonded and non-bonded interactions. The bonded interactions are presented in terms of
interatomic distance, three-body valence angle strain, four-body torsional angle strain, while the nonbonded terms include van der Waals and Coulombic interactions

208

. The ReaxFF is parameterized and

trained from quantum mechanics and/or experimental data for specific chemical bonds and interactions
between atoms in a system. The ReaxFF MD simulation can be used to study a system of more than ten
thousand atoms 209-211. However, due to the complexity of the training process, the application of ReaxFF
in tribology has been limited to a number of systems related to carbon, phosphorus- and silicon-containing
compounds

207, 212-214

. In silica/silicon systems, friction, and wear have been found to depend on the

formation and rupture of the Si−O−Si interfacial bonds 207, 212, 215, 216. Yue et al. developed a shearing model
61

of two quartz surfaces separated by a layer of phosphoric acid 207 under loads and a high temperature up to
1400 K (Figure 2-18). The studies found that, the tribochemical reactions occur from 800 K to polymerize
the phosphoric acid and initiate the dissociation and reformation of H−O bonds, which leads to the
formation of water molecules at the sliding interface. The reaction is responsible for a low friction
coefficient of 0.02 207. Furthermore, a suitable amount of water at the silica interfaces can effectively prevent
the formation of Si−O−Si bridges as the Si atoms at the interface can be terminated by hydroxyl groups 213.
Yue et al. 212 investigated the asperity contact in the aqueous environment with a model of an amorphous
silica asperity slid over a flat SiO2 substrate covered by an aqueous environment of phosphoric acid and
water. The compression and sliding caused the Si−O−Si bond formation and breaking at the interface, and
the oligomerization of phosphoric acid was found to improve the antiwear property. The bond-breaking at
the interface also causes the detachment of the Si atom from its surface, which is accounted for the
mechanism of wear if the substrate is pure silicon. The breaking of Si−Si bonds in this case is a result of
both chemical and mechanical effects

215

. Yeon et al. used allyl alcohol as a lubricant confined between

two amorphous SiO2 slabs under the compression and a sliding velocity of 10 m/s. Under the load of 1 and
2 GPa, tribochemical reaction occurs by forming multiple C−OS chemical bonds between the alcohol and
the SiO2 surface, making the molecule distorted 217. Ewen et al. 218 investigated the thermal decomposition
of phosphate esters on ferrous surfaces. The result indicated that thermal decomposition rates were much
higher on Fe3O4 (001) and α-Fe (110) than on the hydroxylated, amorphous Fe3O4 surface. This suggested
that water could passivate the ferrous surfaces and inhibit phosphate ester to chemically adsorb, decompose,
and form a polyphosphate film. Their simulation explained the poor antiwear performance of phosphate
esters on inert surfaces in tribological experiments.
Recent MD simulations with ReaxFF have deviated from the common silica/silicon surfaces and targeted
new emerging generations of 2D lubricants such as graphite and MoS2, or alkali phosphate 214, 219, 220. The
silica tip sliding against a graphite surface has been studied with phenol and pentanol gases acting as
environmental effects

219

. The mechanism of superlubricity of diamond-like carbon (DLC) and MoS2

through the formation of the onion-like carbon structure under heavy loads has been reported

220

. The

advantages of ReaxFF in dealing with tribochemistry systems under dynamic conditions have been a
motivation for the development of force field parameters for new and complex tribo-systems. Most recently,
Ta et al. have developed a ReaxFF for the system containing a group of Fe/O/Na/P elements. The force
field has been used to investigate the chemical reactions and tribofilm composition in sodium phosphate
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lubricant confined between two sliding Fe2O3 substrates in an extreme condition of elevated temperature
and high pressure 214. The result from a confined shear simulation showed a hierarchical tribofilm due to
the migration of Na+ cations to the surface, which confirmed the experimental observation 75.
The biggest advantage of MD simulations in tribology in general and tribochemistry is that it can study the
evolution of large and complex systems over time with the effects of external variables such as pressure,
shear, and temperature. Thus these technique have brought simulation models closer to the realistic and
practical environment in terms of simulation scale. However, MD simulations with conventional simple
force fields are incapable of embracing complex and reactive systems due to the neglected description of
electron transfer. Meanwhile, reactive FFs need to be appropriately trained and rely heavily upon quantum
mechanics or empirical data. Also, the force field can only work well for a certain set of atoms in the trained
system and rarely hold true for other systems. Furthermore, the parameters for some multicomponent tribosystems such as systems consisting of metal/oxide substrate and lubricant, mixed lubricants, lubricant in an
environment, etc., are currently not available and they require significant time and effort to build reliable
ones.

2.5.3. Tribochemical reactions by Hybrid Methods (QM/MM)
QM/MM method was first proposed in the 1970s to study chemical reactions in enzyme systems to deal
with the large size and the complexity of enzyme-substrate-solvent systems that do not allow a single abinitio method to be adopted 221, 222. The idea of the technique is to use a combined code that can perform
both molecular mechanics and quantum mechanics simulations simultaneously by partitioning the system
into classical MM and quantum parts. The most reactive part is chosen to be treated self-consistently at the
quantum mechanics level, while the rest of the system is described by a classical force field. In
tribochemistry, Miyamoto’s group developed a new code called TB-QCMD to simulate tribochemical
reactions by combining tight-binding quantum chemical (TBQC) and MD methods

223, 224

. The quantum

part is treated self-consistently by quantum tight-binding level by “Colors” program 223, while the rest of
the system is described by the classical MD program “New Ryudo”

225

. Error! Reference source not

found. describes the model for the QM/MM simulations, which consists of a confined system for MD
simulations and a small QM system to account for chemical reactions. This method can deal with large
complex systems, including dynamics properties and chemical reactions, and has been widely applied for
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various tribological systems 173, 175, 225-229.

Figure 2-19. QM/MM simulation model of trimethyl phosphate between iron substrates by “Colors” and
“New Ryudo” programs.173
For example, iron substrates lubricated by 45 phosphoric ester molecules, one phosphoric ester molecule,
and some adjacent iron atoms were selected for the quantum system, and the remainder of the system was
treated by a classical force field 173. The temperature of 80°C (423 K), the pressure of 1 GPa, and the sliding
velocity of 100 m/s were selected for the calculations. Electronic structures such as bond overlap population
and DOS were considered to determine the chemical interactions occurring inside the QM system. The
simulation results indicated that the bond formation between the nascent iron surface and oxygen atoms of
phosphoric ester was stable under both pressure and sliding applications. The Fe surface and phosphoric
ester interacted through a long-range electrostatic interaction rather than stable covalent bonds. In addition,
the P–O bond dissociation occurred as the initial step of tribofilm formation. Similarly, the method was
applied to study the formation of MoS2 tribofilms 226, 227. In those systems, the mechanism of low friction
of MoS2 lubricant can be explained satisfactorily via TB-QCMD combined with static DFT calculations.
In particular, the covalent bond formation between Fe and S at the interface was the primary reaction. The
charge transfer from the Fe surface to S atoms made MoS2 chains more negative and increased the repulsive
Coulombic interaction between MoS2 layers that eventually reduced the friction in the whole system. The
effect of friction on the bond dissociation of Molybdenum Dithiocarbamate molecules on Fe(001) surface
was reported by Onodera et al.

230

. In this system, Mo−O bonds was completely dissociated under the

combination of friction condition and Fe surface catalysis, whereas, only bond elongation was found in the
non-friction model. Bond dissociation in this situation could be the initial step for the tribofilm formation.
Ogata et al. used the Hybrid TB-QCMD to study tribochemical reactions of water compressed between an
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H-terminated Si(001) surface and a diamond tip 230. In this model, however, the quantum region was treated
at the DFT level, and it was adaptively shifted with the movement of the QM region due to the sliding of
the surface and the diamond tip. This method ensures a reasonable size of the QM region while still keep
tracing the dynamic motion of the system. The authors found that the water molecules which were in a
metastable state can be decomposed by the severe pushing of the tip on the surface. The decomposed
components can therefore oxidize the H-terminated Si surface.
Recently, Righi et al. developed a new QM/MM platform by coupling the popular packages of MM and
quantum simulations, i.e., LAMMPS and Quantum Espresso 231, 232. Thus, the MM system was described
using force fields by LAMMPS, while the quantum simulation was performed by the CPMD module in the
Quantum Espresso code. The simulation platform has been applied in studying tribochemical reactions in
graphene-water 231, and Fe-MoDTC systems 232. In the graphene-water system, the quantum region consists
of 204 atoms, including one graphene ribbon and six water molecules, and the large MD system contained
a total of 1392 atoms. The research has provided a real-time observation of the chemical reactions of water
molecules at graphene edges and highlighted the effect of moisture on graphene/graphite lubricity. For FeMoDTC systems

232

, three different dimeric structures of MoDTC were confined between two iron

substrates and subjected to sliding under an external load of 4 GPa. The QM region contained one MoDTC
molecule in between the two closest iron layers, as can be shown in Figure 2-20. The simulation observed
the decomposition of the MoDTC molecule, which shed light on the mechanism of MoS2 formation and
the lubricity of MoDTC in the tribosystem. These QM/MM studies highlighted the great potential of using
hybrid methods in describing tribochemical systems using open sources.

Figure 2-20. QM/MM simulation model using the combination of LAMMPS for MM part and Quantum Espresso for
QM part.232
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As reported in the above references, the QM/MM method is able to capture the tribochemical reaction
dynamics, which includes the effects of loads, shear, and temperature during the simulations. In addition,
this method is less computationally expensive than FPMD since only a small reactive part of the system is
treated at a quantum chemical level. The MM part can be large enough to model more practical models. On
the other hand, such simulations face the common technical challenges encountered in the QM/MM
simulations of biomolecular systems 233. The small size of the QM system is one of the limitations of this
method. Secondly, the choice of the force fields for the MM part, and the QM-MM boundary needs to be
considered carefully as it decides the reliability of the method.

2.6. Research Scopes
There has been a number of studies dedicated to investigate and design lubricants for metal forming
processes.21, 23, 234 However, the understanding of the lubrication mechanism at this extreme condition, such
as high load or high temperature, is very limited due to the difficulty of the direct observation or
measurement of physical/chemical properties under these conditions. Furthermore, the application of
lubricants in tribological systems makes the study more challenging. This is due to the fact that at the
working condition of metal forming, the chemical reaction between lubricant and metal surface will take
place, leading to a more complicated problem. Since an in-depth understanding of the lubrication
mechanism will provide us the ability to optimize the performance as well as reduce the production cost,
there are always pressing needs to study the subject for specific complex tribological applications.
Therefore, the current work sets to provide a fundamental understanding of the friction reduction
mechanism of sodium silicate for hot metal forming and MgAl layer double hydroxides for cold forming.
To provide a complete picture of the tribochemical reactions under the effects of pressure, temperature, and
sliding, DFT and AIMD simulations have been used as these methods can accurately describe chemical
reactions. The following tasks will be carried out in this thesis:
i.

AIMD simulations and DFT calculations will be conducted to study the adsorption and
dissociation of sodium silicate glass on an iron surface. The comparisons of adsorption processes
and electronic structure of some selected configurations at different temperatures will provide
detailed insights into the bond nature of the tribology system, the effect of the iron surface as well
as the temperature on the adhesion of silicate lubricant.
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ii.

DFT calculations will be performed to investigate the influence of sodium elements in the silicate
glass on the friction reduction of two sliding iron oxide surfaces. By constructing the potential
energy surface (PES) of two iron oxide slabs as a function of the lateral sliding. The shear strength,
interfacial interactions, static lateral friction, and corrugation energy are quantitatively calculated
and analyzed. In addition, the stability and friction of the sodium passivated Fe2O3 surfaces in
different configurations are systematically studied and compared with those of the clean oxide
surfaces.

iii.

The tribochemical reactions, structural transformations, and the tribofilm formation of sodium
silicate confined between two iron oxide substrates during the sliding will be investigated by
AIMD simulations. The comparisons of the different concentrations of sodium in the glass
lubricant will provide an in-depth understanding of the structural information of the silicate
lubricant and the effect of the alkali elements, iron oxide surface, temperature as well as sliding
on tribological properties of the glass.

iv.

Both DFT and AIMD simulations will be used to study the mechanism of friction reduction and
the chemical reaction of the MgAl-LDH. The potential energy surface (PES) generated from DFT
calculation will be used to explore the tribological properties of LDH layers in a relative sliding
motion as well as the role of the trivalent cations and hydroxyl groups. Finally, the interaction of
water and anion with LDH surface and its influence on friction reduction will be investigated using
AIMD simulations in combination with the metadynamics technique.
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Chapter 3. Computational Theories
The physical properties of any many-body system are determined by the system wavefunction Φ.235 Those
properties can be measured as observable of suitable linear operators. In general, such system wavefunction
can be obtained by solving the time-independent Schrodinger equation:
1 Φ(𝑅, 𝑟) = 𝐸Φ(𝑅, 𝑟)
𝐻
Where

(3.1)

Φ(𝑅, 𝑟) is the wavefunction, which describes the properties of the system, and 𝐸 is its

1 of such a system can be written as below:
corresponding eigenvalues. The Hamiltonian 𝐻
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In which, 𝑅? and 𝑟B denote a set of the nuclei and electronic coordinates, respectively. 𝑀? and 𝑍? are the
masses and charges of nuclei, respectively.
In practice, finding the exact solution for the Schrodinger equation is impossible for most of the systems.
In fact, the complete analytic solution can only be found for hydrogen and some spherical potential systems.
The difficulty of solving the equation is mainly due to the multi-component property of the many-body
system and the two-body nature of the Coulomb interaction. Those properties make the separation of the
Schrodinger impossible. In order to illustrate the problem, we consider a simple case of an atom having N
electrons. To satisfy the antisymmetry of the system wavefunction, we can construct the function from the
one-electron wavefunction using the well-known Slater determinant.236 However, the procedure supposes
some kind of separability of the above Schrodinger equation, which assumes that the movement of the
electron is independent of the location of other electrons. In reality, an electron locates at location r may
inhibit others from occupying the location. As a result, the probability of finding an electron at a specific
location r will be determined by the position of other electrons. This well-known phenomenon is called
correlation, suggesting that the factors depending on two-electron coordinates must be included in the exact
system wavefunction. As a consequence, we can not decompose the full Schrodinger equation to a set of
the equation which may simplify our problem. Instead, we have to deal with 3(P+N) coupled degrees of
freedom. To solve the Schrodinger equation, therefore, introducing some well-controlled approximation is
invertible. In the next section, we will discuss the Born-Oppenheimer approximation, which separates the
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electronic and nuclei degrees of freedom.

3.1.

Born-Oppenheimer Approximation

The approximation is inspired by an important observation that the movement of the nuclei is much slower
than that of electrons. Born and Oppenheimer has introduced a scheme to separate the motion of nuclei
from electrons. In which the electrons do not undergo a transition between stationary states. This is called
the adiabatic approximation.235 In their approach, we can imagine that the electrons motion is so fast that
they can instantaneously follow the motion of the nuclei while always remaining in the same stationary
state of the electronic Hamiltonian. As a result, we can decompose the full wavefunction into the electronic
and nuclei components.
Φ(R, r) = Θ(R)Ψ(R, r)

(3.3)

Where Ψ and Θ denote the functions describing the motion of electrons and nuclei, respectively. In practice,
the nuclei part is usually be treated classically that ignores the correction to the energy levels due to the
dependence of the electronic wavefunction on the nuclei coordinates. The approximation is called the BornOppenheimer approximation.237 Meanwhile, the adiabatic electronic eigenstate Ψ will satisfy the timeindependent Schrodinger equation:
1K Ψ(R, r) = 𝜀(R)Ψ(R; r)
𝐻

(3.4)

1K = 𝑇bK + 𝑉bKK + 𝑉bdK = 𝐻
1 − 𝑇bd − 𝑉bdd
𝐻

(3.5)

1K is the electronic Hamiltonian
Where 𝐻

In which, 𝑇bK denote the electronic kinetic operator. 𝑉bKK and 𝑉bdK describe the electron-electron and electronnuclei interactions, respectively. Solving the electronic Schrodinger equation is now the most difficult task,
and further approximations are needed.

3.2.

The Electronic Problem

As mention in the previous section, the remaining problem for studying the physical properties of a manybody system is to find the solution for the electronic Schrodinger equation 3.4.
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where (Ψ) is the electronic wavefunction and the nuclei coordinate enter as parameters. The Hamiltonian,
which is defined as the sum of kinetic energy, external potential (nuclei-electrons interaction in this case),
and electronic repulsion, can be written as below:

1K = −
𝐻

ℏ;
1 1
𝑒;
1
𝑍? 𝑒 ;
h ∇;B +
hh
−
hh
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(3.6)

B

In computer programming, it is convenient to use units such that equations take on a simple form, involving
only coefficients of order 1. Standard units in electronic structure physics are so-called atomic units. The
unit of distance is the Bohr radius a0, masses are expressed in the electron mass me, and the charge is
measured in unit charges (e). The energy is finally given in ‘Hartrees’ (EH). In the atomic unit, Hamiltonian
3.6 can be written as follow:
1
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B

The main reason leading to the difficulty of solving the equation is the correlation effect when the electrons
interact with each other via Coulomb's two-body forces. The presence of an electron in a location r will
affect the behavior of other electrons in other locations. As a result, we can not simply decouple the
electronic wavefunction as a product of the wavefunction of individual electrons. The correlation effect
always presents when particles interact with each other, even in classical mechanics. However, the
numerical integration of the Newtonian equation is much more feasible compared to the Schrodinger
equation due to the high demand for the partial differential equation. Therefore, more approximations are
needed to solve the problem. Broadly, these methods can be divided into two main classes. The first class
unitizing the molecular orbital-based electronic wavefunction, such as Hartree-Fork (HF) or Configuration
Interaction (CI).238, 239 The second one is Density Functional Theory (DFT), in which the total ground state
energy of a many-electron system is a function of the electron density.238 DFT has become the most popular
computational method used in physics, chemistry, and materials science due to its balance between
accuracy and computational cost. In the following sections, we will introduce the basics concepts of the
method.
3.2.1.

Density Functional Theory
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The idea of using the density as the fundamental variable to describe the properties of a quantum mechanical
many-body system was first introduced by L. H. Thomas and E. Fermi in 1972.240 Hohenberg-Kohn then
proved and formulated the mathematical grounds for the suggested ideas.241
Theorem 1: The external potential 𝑉Kno to electron is uniquely determined, within a trivial additive
constant, by the ground state electrons density 𝑛k (𝑟).
The main implication of the first theorem is that the electron density can be used as a fundamental variable
to solve the Schrodinger equation because it determines Hamiltonian as well as the electronic wavefunction
at the ground state. As a consequence, the electron density also governs the ground state wavefunction Ψk .
Theorem 2: For a trial non-negative density 𝑛(𝑟) normalized to 𝑁, we can define the variational energy as
a function of the density:

𝐸[𝑛] = 𝐹[𝑛] + s 𝑛(𝑟)𝑉Kno 𝑑𝑟

(3.8)

𝐹[𝑛] = 𝑇K [𝑛] + 𝐸KK [𝑛]

(3.9)

With

If 𝑛k (𝑟) and 𝐸k = 𝐸[𝑛k ] are the exact ground state density and energy of the system respectively, it holds.
𝐸k ≤ 𝐸[𝑛] For any 𝑛 ≠ 𝑛k
The second theorem implies that there exists a variational principle in density functional theory similar to
the well-known one from the wavefunction theory. The electron density that minimizes the energy function
has to be the exact ground-state density.
So far, the Hohenberg-Kohn theorems did not provide any way to find the ground-state electron density
since the form of F is unknown. The best strategy to deal with the Eee interaction is to divide it into pieces
of decreasing contribution to the total energy. i.e., Hartree, Exchange, and Correlation. The Hartree energy
(the biggest contribution), which is the classical electrostatic energy, is well defined. The exchange energy
can also be calculated exactly (even though the term is usually approximated due to the high computational
cost). The correlation energy account for the smallest contribution still does not have the exact form and is
the most difficult part to deal with.
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1 𝑛(𝑟)𝑛(𝑟′)
𝐹[𝑛] = 𝑇K [𝑛] + s
𝑑𝑟𝑑𝑟′ + 𝐸yz [𝑛]
|𝑟 − 𝑟′|
2

(3.10)

Another issue arises from the usage of the electron density is the kinetic energy since we do not have any
explicit expression in term of electron density. In order to evaluate the kinetic energy exactly, the only way
is to revert to the usual expression in terms of a set of N wavefunctions. Because the kinetic term makes up
a huge contribution to the total energy, a course approximation will lead to a significant error. A general
approach was proposed by Kohn and Sham in 1965 based on the use of a referenced non-interacting system
that can produce the same electron density as the interaction system. This leads to a set of independentparticle equations for the non-interacting system that can be considered exactly soluble. Then we calculate
the kinetic energy of the non-interaction system. The contribution of the correlation to the kinetic energy
will be incorporated into an exchange-correlation functional of the density. The Hamiltonian of this
referenced non-interacting system can be written as:
1
1M = h |− ∇;B + 𝑉M (𝑟)}
𝐻
2

(3.11)

B

1M equal to 𝑛k (𝑟). In that case, the
Where 𝑉M (𝑟) is the potential that ensures the ground state density of 𝐻
Hohenberg-Kohn theorem ensures that the ground state energy is equal to that of the interacting system.
The reference potential 𝑉M (𝑟) can be expressed as:

𝑉M (𝑟) = 𝑉Kno (𝑟) + s

𝑛(𝑟′)
𝑑𝑟 ~ + 𝜇yz [𝑛(𝑟)]
|𝑟 − 𝑟′|

(3.12)

The first two terms are similar to the interacting system. Therefore, the new exchange-correlation must
account for all the different energy between the two systems. Since the system is non-interacting, we can
form its wavefunction using Slater determinants (we ignore the dependence of spin here. However, the
extension are similar).

Ψ=

1
√𝑁!

𝑆𝐷[𝜑D (𝑟D )𝜑; (𝑟; ) … 𝜑† (𝑟† )]

(3.13)

The density is then calculated as:

𝑛(𝑟) = 2 h|𝜑B (𝑟B )|;
B
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(3.14)

In which the single-particle wavefunction is the solution of the one-electron Schrodinger equation:
1‡ˆ 𝜑B (𝑟) = 𝜀B 𝜑B (𝑟)
𝐻

(3.15)

With
1
1‡ˆ = − ∇;B + 𝑉M (𝑟)
𝐻
2

(3.16)

The kinetic term is then calculated as:
1
𝑇M [𝑛] = − h⟨𝜑B |∇; |𝜑B ⟩
2

(3.17)

B

Using 𝑇M we can rewrite 𝐹[𝑛] in the following form:
1 𝑛(𝑟)𝑛(𝑟′)
𝐹[𝑛] = 𝑇M [𝑛] + s
𝑑𝑟𝑑𝑟′ + 𝐸‹yz [𝑛]
|𝑟 − 𝑟′|
2

(3.18)

whereby the modified Exchange-Correlation energy 𝐸‹yz will differ from the original 𝐸yz in the sense that
it has the contribution for the kinetic correlation (which is ignored in 𝑇M due to the use of the non-interaction
system). Now we can rewrite the total energy functional as follow:
1 𝑛(𝑟)𝑛(𝑟′)
𝐸‡ˆ [𝑛] = 𝑇M [𝑛] + s 𝑛(𝑟)𝑉Kno 𝑑𝑟 + s
𝑑𝑟𝑑𝑟′ + 𝐸‹yz [𝑛]
|𝑟 − 𝑟′|
2

(3.19)

Look at the Kohn-Sham equation; one can easily realize that the reference potential depends on the solution
of the one-electron Schrodinger equation through the electronic density. Therefore, the equation must be
solved self-consistently.
3.2.2.

Exchange and Correlation Functional

The simplest approximation for the EXC is the local density approximation (LDA).242 The method has been
for a long time the most widely used approximation. The method assumes that a general inhomogeneous
electronic system is locally homogeneous, whereby the exchange-correlation energy is simply an integral
over the space with the exchange-correlation energy density at each point assumed to be the same as in a
homogeneous electron gas with that density.
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Œ•Ž
[𝑛] = s 𝑛(𝑟) 𝜀yz (𝑛)𝑑𝑟
𝐸yz

(3.20)

𝜀yz (𝑛) = 𝜀y (𝑛) + 𝜀z (𝑛)

(3.21)

With

includes the exchange and correlation functionals of the homogeneous electron gas. Since the analytic form
Œ•Ž
of the functional is known, we can directly substitute it into equation 3.20 and to calculate the 𝐸yz
. The

limitation of this method is that when the electron density of the system varies strongly, this approximation
becomes inaccurate. This limitation led to the development of various Generalized-Gradient
Approximations (GGA).243 GGA method overcome the limitation of LDA by including the gradient of the
electron density in its functionality.

••Ž
[𝑛] = s 𝑛(𝑟) 𝜀yz (𝑛, ∇𝑛)𝑑𝑟
𝐸yz

(3.232)

The exact form of 𝜀yz (𝑛, ∇𝑛) is unknown; and there are two different methods to obtain the functional. The
first one consists of deriving appropriate expressions by a theoretical method and then requiring that the
coefficients are such that a number of conditions are fulfilled, i.e., sum rules, long-range decay, etc. The
second one is to fit the parameter of the functional in order to agree with a number of experimental results.
Nowadays, GGA has become one of the most used exchange-correlation functional with a number of GGA
functional such as GGA-PW91, GGA-PBE, or GGA-LYP, etc.
3.2.3.

Basis Sets

As mentioned above, the quality of the basis function used to expand the Kohn-Sham orbital is important
for the accuracy of the method. A widespread choice for the basis functions is planewaves, which are
explicitly used in all our calculations. In a periodic solid, one can use Bloch’s theorem to show that the
wave function for an electron can be expressed as the product of a plane wave and a function with the
periodicity of the lattice.244
Ψd𝒌 (𝑟) = exp(𝑖𝒌 ∙ 𝑟) 𝑢d𝒌 (𝑟)

(3.23)

where 𝑟 is a position vector, and 𝒌 is a so-called wave vector that will only have certain allowed values
defined by the size of the unit cell. Bloch’s theorem sets the stage for using planewaves as a basis set
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because it suggests a planewave character of the wave function. If the periodic function 𝑢d𝒌 (𝑟) is also
expanded in terms of planewaves determined by wave vectors of the reciprocal lattice vectors, 𝑮, then the
wave function can be expressed completely in terms of a sum of planewaves:

ΨB (𝑟) = h 𝑐B,𝒌˜𝑮 exp (𝑖(𝒌 + 𝑮) ∙ 𝑟)

(3.24)

•

where 𝑐B,𝒌˜𝑮 are now coefficients that can be varied to determine the lowest energy solution.
In aperiodic systems, such as systems with even one defect, or randomly ordered alloys, there is no periodic
unit cell. Instead, one must represent the portion of the system of interest in a supercell, which is then
subjected to the periodic boundary conditions so that a planewave basis set can be used. It then becomes
necessary to ensure the supercell is large enough to avoid interactions between the defects in neighboring
supercells. To get a perfect expansion, one needs an infinite number of planewaves. Luckily, the coefficients
of the planewaves must go to zero for high-energy planewaves. Otherwise, the energy of the wave function
would go to infinity. This provides a justification for truncating the planewave basis set above the cutoff
energy.
3.2.4.

Self-consistent Procedure

As mention above, we can not solve the Kohn-Sham equation normally but instead self-consistently. The
diagram (Figure 3-1) below explains the process of solving the Kohn-Sham equation. Starting with an initial
guess of the electron density, we can calculate the effective potential which is then used to solve a set of
one electron Kohn-Sham equations. The orbitals obtained from solving the Kohn-Sham equation are used
to construct the new electron density. We then check the difference between the old and the new density
(as well as the energies). If the difference is smaller than a criteria, we then say that the self-consistent
process is converged. At the moment, we can use the obtained electron density to calculate the physical
properties of interest.
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Figure 3-1. DFT self-consistency algorithm.

3.3.

Ab initial Molecular Dynamics

Molecular dynamics (MD) in general, is a technique used to investigate the dynamical behavior of a
classical many-body system. The method allows us to study the temporal-spatial evolution of a many-body
system. These simulations can provide us information about thermodynamics, dynamical properties, etc. In
this method, the nuclei motion of the constituent particles obeys the laws of classical mechanics. In the
most common version, the trajectories of atoms and molecules are determined numerically by solving
Newton’s equation of motion for a system of interacting particles. As mentioned in the previous section,
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we can treat nuclei as a classical particle and use the Newtonian equation of motion to integrate their
trajectory:
𝑀? 𝑅̈? = 𝐹?

(3.25)

In which, 𝑀? , 𝑅̈? , 𝐹? are the mass, acceleration, and force of nuclei I (the bold font denoting a vector). The
force 𝐹? on nuclei I can be written as below:

𝐹? = −

𝜕𝐸(𝑅)
𝜕𝑅?

(3.26)

Where E is the potential energy of the many-body system, for classical MD, potential energy only depends
on the coordinates of atoms in the system. Typically, the potential energy is a function of nuclei coordinates.
These function is based on empirical force-field or calculates from the quantum calculation.245 When the
potential energy is calculated using the first-principle method, it is called first-principle molecular dynamic
(FPMD) or ab initio molecular dynamic (AIMD), the two names can be used interchange. The basic scheme
to integrate trajectories in MD simulations is that, at a given time, t, the force on each atom is evaluated
using equation (3.24) and used to estimate the new position of atoms at time 𝑡 + ∆𝑡. In MD simulation the
steps are repeated to evaluating the trajectory of the many-body system.
There are a number of algorithms have been developed to propagate the nuclei in MD simulations. These
algorithms, including Verlet algorithm, 246, 247 leapfrog algorithm, 248 and higher-order predictor-corrector
techniques. 249 However, in this section, we only discuss the Verlet algorithm, which is the most simple and
popular method. The main idea of the Verlet algorithm can be explained by three equations below:
1
𝐹? (𝑡)
𝑅̇? œ𝑡 + ∆𝑡• = 𝑅̇? (𝑡) + ∆𝑡
2
2𝑀?

(3.27)

1
𝑅̇? (𝑡 + ∆𝑡) = 𝑅? (𝑡) + ∆𝑡𝑅̇? (𝑡 + ∆𝑡)
2

(3.28)

1
𝐹? (𝑡 + ∆𝑡)
𝑅̇? (𝑡 + ∆𝑡) = 𝑅?̇ œ𝑡 + ∆𝑡• + ∆𝑡
2
2𝑀?

(3.29)

Where 𝑅? and 𝑅̇? represent the position and velocity of an atom I, respectively, other variables have the
D

same meaning as in equation (3.25). Forces are used to calculate nuclei velocities at time ž𝑡 + ∆𝑡Ÿ using
;
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equation (3.27). These velocities are then used to estimate the new position of nuclei at the time (𝑡 + ∆𝑡)
using equation (3.28). After that, we can calculate new velocities at the time (𝑡 + ∆𝑡) by equation (3.29).
The process is then repeated with the starting point is the new position at (𝑡 + ∆𝑡). The process of this
scheme is shown in Figure 3-2.

Figure 3-2. Evolution of properties over time using the Verlet scheme.
During the MD simulation, the kinetic energy, which is defined by Equation 3.30, can be calculated at every
time step.

𝐸

Bd

1
= h 𝑀? 𝑅̇?;
2

(3.30)

2𝐸 Bd
3𝑘¢ 𝑁

(3.31)

?

The energy is related to the temperature, T, by

𝑇=

In which 𝑘¢ is the Boltzmann’s constant
In statistical physics, a system can be described by statistical ensembles that are statistical equilibrium and
depend on few observable parameters. There are some different types of ensembles that are defined as:
•

Microcanonical ensemble or NVE ensemble: a statistical ensemble, where the total energy (E), the
volume (V), and the number of particles (N) in the system, are fixed to particular values. It
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corresponds to an adiabatic process with no heat exchange, and the internal energy is conserved
during the simulation.
•

Canonical ensemble or NVT ensemble: in this ensemble, the number of particles (N), volume (V),
and temperature (T) are conserved. It is sometimes called constant temperature molecular
dynamics. In NVT, the energy of endothermic and exothermic processes is exchanged with a
thermostat.

•

Isothermal – isobaric ensemble or NPT ensemble: the number of particles (N), the pressure (P),
and the temperature is conserved. A thermostat and a barostat are needed.

•

Grant canonical ensemble or µVT ensemble: is an ensemble that neither the energy nor the number
of particles is fixed, but the temperature (T) and the chemical potential (µ) are specified.

As mentioned above, the first-principal molecular dynamic (FPMD) can be considered as a specific type of
MD simulation in which the system moves on the electronic potential energy. The potential energy can only
be obtained using quantum mechanics methods. In this study, the DFT method has been used to solve the
electronic problem and obtain potential energy. The crucial advantage of FPMD over classical MD is that
the potential energy is calculated through ab initio calculations. Therefore, the system is allowed to change
its chemical bonding during the simulation, which is impossible with classical MD. In addition, because of
using ab initio calculation to evaluated potential energy, we do not need to rely on empirical data regarding
the reactivity of the system. Meanwhile, in classical MD, we have to retrain our force field if we change
our system, and this process can be time-consuming. Moreover, FPMD allows us to investigate even
unknown chemical reactions that may occur in our system. On the other hand, conventional MD requires
us to have a priori knowledge of the chemical system. The main disadvantage of FPMD is the computational
expense required to account for electronic structure of the system. Therefore, it must be very careful to
analyze whether the problem should be studied by FPMD or classical MD. As a rule of thumb, FPMD is
necessary when chemical reactions play an important role, such as chemical bonds forming and breaking,
changing environments, or variable conditions.
In what follows, we will introduce the two most popular classes of FPMD. The first method is the BornOppenheimer MD (BOMD).250 That method requires optimizing ground state wave function at each step
of MD simulation. The second one is Car-Parrinello MD (CPMD).250 In this method, the electronic wave
function can be treated as a variable that is propagated along with the nuclei during the MD simulation.
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3.3.1.

Born-Oppenheimer Molecular Dynamics

Born-Oppenheimer Molecular Dynamics (BOMD) is the most conceptually straightforward type of FPMD.
In this method, the electronic wave function of the many-body system, which is used to calculate potential
energy, is optimized at every time step during the simulation. In fact, the strategy of implying BOMD is
similar to that used in classical MD. The only difference is that the potential energy is calculated using firstprincipal calculation instead of a force-field. Within the Kohn–Sham approach to density functional theory,
the total energy of the system of ions and electrons is given by.
D

𝐸[{𝜑B }, {𝑅? }] = − ; ∑B⟨𝜑B |∇; |𝜑B ⟩ + 𝑈[𝑛] + 𝐸?? [{𝑅? }]
D

𝑈[𝑛] = ∫ 𝑛(𝑟)𝑉Kno 𝑑𝑟 + ; ∫

d(Q)d(Q′)
𝑑𝑟𝑑𝑟′
|QNQ′|

𝑛(𝑟) = 2 ∑B|𝜑B (𝑟B )|;
𝐹? = −

§¨
§M=

+ 𝐸‹yz [𝑛]

(3.32)

(3.33)

(3.34)

(3.35)

Where 𝜑B are the one-electron states, 𝑅? the positions of the ions, 𝐸?? the ion-ion interaction, 𝑛(𝑟) the
electronic charge density, 𝑉Kno the electron-ion interaction, 𝐸‹yz [𝑛] the exchange-correlation energy, and 𝐹?
is the force. It is worth mentioning that the usage of the DFT method is just an option of choice, and there
are many quantum chemistry methods such as Hartree-Force, MP2, tight-binding. The advantage of DFT
is the balance between computational cost and accuracy.
The process of implying BOMD is illustrated in Figure 3-3. In the beginning, the simulation starts with a
set of atoms at specific positions. The electronic wave function is optimized using DFT method and used
to calculate potential energy, which in turn is used to evaluate forces on the nuclei. This information is then
used to update the nuclei position using the Verlet algorithm as described in the previous section. When we
get the atom coordinates at the time (𝑡 + ∆𝑡) we repeat the whole process again by starting optimize the
wave function of the system at the time (𝑡 + ∆𝑡). So if we want to run our simulation for N time steps, we
need to optimize the electronic wave function N times.
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Figure 3-3. The scheme to implement BOMD simulation.251
By introducing the electronic component explicitly within the adiabatic approximation, BOMD avoids the
bias that is introduced when the interatomic interactions are described through empirical potential. The
BOMD simulations allow us to use a relatively long time step since the electronic wavefunction is always
the ground state. In general, we can use a time step of ~ 1.0fs in BOMD simulation. The main disadvantage
of BOMD is the computational expense because, within this scheme, the electronic problem has to be solved
at every step of the molecular dynamics integration. The result leads to an increase in the computational
cost of a factor of 1000 or more compared with classical molecular dynamics.
3.3.2.

Car-Parrinello Molecular Dynamics

The idea of the Car–Parrinello approach comes from the observation that the total energy of the system of
interacting ions and electrons is a function of both the quantum variables {𝜑B } for the electrons and the
classical variables {𝑅? } for the ions. Therefore, instead of considering their motions as two separate
problems, the CPMD method considers them as one unified problem in which we minimize the energy of
the electrons and solving for the motion of the nuclei simultaneously. This can be done by using an extended
Lagrangian.
D
𝐿zª = ∑? 𝑀? 𝑅̇?; + 𝜇 ∑B 𝑓B ∫|𝜑B (𝑟)|; 𝑑𝑟 − 𝐸‡ˆ [𝜑B (𝑟)](𝑅) + ∑B 𝑓B ∑T ΛBT -∫ 𝜑B∗ (𝑟)𝜑B (𝑟)𝑑𝑟 − 𝛿BT °
;

Where the Kohn-Sham energy is given by
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(3.36)

I I
D d(Q)d(Q~)
D
𝐸‡ˆ [𝜑B (𝑟)](𝑅) = ∑B 𝑓B ∫ 𝜑B∗ (𝑟)ℎb𝜑B (𝑟)𝑑𝑟 + ; ∫ |QNQ~| 𝑑𝑟𝑑𝑟′ + 𝐸yz [𝑛] + ; ∑? ∑OP? LM =NMJ
=

JL

(3.37)

The operator ℎb is the one-electron Hamiltonian defined as:

1
ℎb = ²− ∇; + h 𝑉Kno (𝑟 − 𝑅? )³
2

(3.38)

𝑛(𝑟) = h 𝑓B s 𝜑B∗ (𝑟)𝜑B (𝑟)𝑑𝑟

(3.39)

?

And the density

B

𝛿BT is Kronecker delta function and ΛBT is Lagrangian multiplier, which ensures the orthogonality of the
dynamical Kohn-Shan orbital. By using the extended Lagrangian, we can obtain the equations of motion of
both electron and nuclei.

𝑀? 𝑅̈? = −

𝜇𝜑̈ B (𝑟, 𝑡) = −

𝜕𝐸‡ˆ [𝜑B (𝑟)](𝑅)
𝜕𝑅?

(3.40)

𝜕𝐸‡ˆ [𝜑B (𝑟)](𝑅)
+ h ΛBT 𝜑T (𝑟, 𝑡) = −𝐻‡ˆ 𝜑B (𝑟, 𝑡) + h ΛBT 𝜑T (𝑟, 𝑡)
𝜕𝜑B∗ (𝑟)
T

(3.41)

T

Where
1
𝑛(𝑟′)
𝐻‡ˆ = − ∇; + 𝑉Kno (𝑟) + s
𝑑𝑟 ~ + 𝜇yz [𝑛]
|𝑟
2
− 𝑟′|

(3.42)

The equation (3.38) allows us to propagate the nuclei coordinates. The main difference between BOMD
and CPMD is in equation (3.39), which enables CPMD to propagate the electronic wave function. So we
do not have an optimized wave function for every MD simulation time step as in BOMD. The process of
CPMD simulation is illustrated in Figure 3-4. At the beginning (𝑡 = 0), the simulation starts with a set of
atoms at specific positions. The wavefunction of the many-body system is then optimized using DFT
method. After that, we calculate the forces on the atoms and electrons. These quantities are used to
propagated nuclei coordinates and molecular orbitals at time (𝑡 + ∆𝑡) using equation 3.40 and 3.41. So at
(𝑡 + ∆𝑡) we do not need to optimized wavefunction as in BOMD, and we can propagate again to find the
nuclei coordinates and molecular orbitals at (𝑡 + ∆𝑡). The process can be repeated for a number of time
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steps. The main advantage of CPMD over BOMD is the computational expense, which is the result of
optimizing wavefunction only at the first step of the simulation. By evaluating wavefunction for each MD
simulation step, we can significantly reduce computational cost.

Figure 3-4. Scheme of implement CPMD simulation.251
Although the scheme allows us to avoid optimizing wavefunction each time step, which is costly, we have
to pay for it. The time steps in CPMD simulation are much smaller than BOMD, so we have to increase the
number of simulation steps. However, the simulations using CPMD is still much quicker than BOMD.
Consequently, the number of publications using CPMD is increased significantly in recent years.250

3.4. Conclusion
In this chapter, the quantum chemical methods used in this thesis have been briefly reviewed. Basically, all
calculations were performed within the context of density functional theory, which is a parameter-free tool
that provides a balance between accuracy and computational cost. The practical approach to solve the
electronic ground state problem by mapping the exact many-body problem onto a self-consistent oneelectron problem has been reviewed. In addition, the general ideas, as well as the comparison between the
two most popular FPMD, including CPMD and BOMD, have been discussed. Although some fundamental
problems still remain in the DFT method, and computational techniques still require some further
upgrading, the number of papers using DFT to investigate chemical systems continues to increase rapidly.
It worth mentioning that this chapter only provides some basics concepts of DFT, a comprehensive
overview of DFT is beyond the scope of this thesis.
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Chapter 4. Adsorption and Depolymerisation Mechanism of
Sodium Silicate on Iron Surface at High Temperature2
4.1.

Introduction

Current lubricants face challenges in the applications involving high-temperature tribological systems, such
as lubricity, environmental-friendly requirements, integrity in harsh conditions, cost-effectiveness etc. An
improvement in lubrication technology at elevated temperature conditions is necessary than ever. In recent
years, silicate glasses have appeared as bright candidates for lubrication in harsh conditions due to their
exceptional thermal stability, low cost, and environmentally friendly properties.252 This kind of lubricant
can provide superb friction reduction and anti-wear properties at high temperatures.85, 87, 89, 253-255 In addition,
silicate-based compounds have self-restoration capabilities that can repair the mechanical damage at the
bearing surfaces.89 Although a number of experiments have been carried out to investigate the frictional
behaviors and characterizations of silicate glass tribofilm at macroscopic scales, the formation mechanisms,
as well as the chemical insight into the iron – silicate tribofilm, have still remained unclear.
It has been found experimentally that alkali silicates of sodium or potassium can create a metallic silicate
lubricating film by reacting with a metallic rubbing surface.256 The film not only can protect the metallic
surfaces but also can avoid local overheating thanks to the high specific and latent heat. The use of silicate
glass as a lubricant at high temperatures was studied for the first time by M. Lambert and Sejournet.257 In
the study, the glass powder has been used to provide lubrication between the die and the billet. At high
temperatures, silicon in the silicate glass can react with iron oxide to create a eutectic mixture of Fe2SiO4.258
The silicate compound then sticks on the oxide surface, playing as a protective layer. In general, melted
silicate lubricants adsorb on the rubbing surface through chemical or physical absorption. The interaction
between lubricant molecules and surfaces plays an important role in controlling the performance of the
tribofilm. It has been proven that the anti-wear capability of the lubricant is influenced by the interaction
strength of the lubricant−surface.181 Therefore, in order to optimize the tribofilm formation process, an

*The content of this chapter has been published in the Journal of Physical Chemistry C:
Nam V. Tran, A. Kiet Tieu, Hongtao Zhu, Huong T. T. Ta, Thi D. Ta, and Ha M. Le, First-Principles Study of the Adsorption and
Depolymerization Mechanisms of Sodium Silicate on Iron Surfaces at High Temperature, J. Phys. Chem. C 2018, 122, 2082720840.
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understanding of the adsorption and reaction between silicate lubricant and metal surfaces at an atomic
level is required. Despite the growing interest in understanding the atomistic mechanisms for the low
friction and anti-wear performance of silicate glasses, our present knowledge of this novel lubricant at high
temperatures is still limited.
Computational simulations have been used successfully to investigate the interactions as well as tribochemical reactions between surfaces and lubricants for a long time. One of the most common methods used
to investigate tribological systems is Molecular Dynamics (MD).191 Due to the large number of atoms
involved in the tribological systems, MD simulations can take into account the effects of large-scale features
such as steric effects due to the roughness of rubbing surfaces.259 In particular, Ta et al.259 studied the
influences of loading pressure and copolymer concentration on the structural properties and tribological
performance of aqueous copolymer lubricant in a mixed lubrication regime. Zhou et al.141, 181 used MD
simulation to demonstrate the relationship between the cohesive energy in the self-assembled monolayers
(SAM) and anti-wear performance. Although MD simulation is compelling in describing the dynamics of
many tribological systems, the use of classical force fields in MD is unable to describe tribochemical
reaction properly. This is due to the fact that the method cannot describe electronic properties such as
electron transfer, Pauli repulsion, mutual polarization, electron exchange, and correlation. In addition, since
the description of the local interactions in MD is predetermined by the parametrization of the applied force
fields, the method requires parameterization for every new system.260 Furthermore, the parameterization of
reactive force fields such as ReaxFF is challenging.261
On the other hand, first-principle simulations with density functional theory (DFT) are a more useful tool
when dealing with tribochemical reactions since they can accurately describe the electronic properties of a
system. There are a number of publications that have successfully used DFT simulations to investigate
chemical reactions in tribological systems. For example, Migala et al. reported the interaction of the basic
structural element of silicates (silicate group SiO4) and iron surface.98, 262 Jaiswal et al. proposed the
relationship between the HOMO/LUMO levels and the anti-wear performance of several lubricant additives
on an iron surface. Their results showed a good agreement with the anti-wear performance obtained from
experiments.142,

145

Furthermore, reaction pathways, transition states, and possible products of several

lubricants adsorbed on the iron surface have been studied by Righi and colleagues, which provided a deep
insight into the tribochemical reaction processes.100, 111 However, one major drawback of static DFT method

85

is that it cannot simulate the dynamics of lubricants at high temperature. In addition, due to the high
computational resource, the sizes of the tribological systems are often limited. First-Principles Molecular
Dynamic (FPMD) is another powerful tool to investigate tribochemical reaction at elevated temperature.
The method can accurately describe the time and temperature evolution of the chemical events and dynamic
behaviors. Due to these advantages, the number of publications using FPMD to investigate chemical
systems is increasing in recent years.263 For instance, Mosey et al. introduced several thermal decomposition
pathways that involve the loss of radicals, olefins, and sulfides, which led to the components of anti-wear
film precursors of Zinc Dialkyldithiophosphates (ZDDPs) and Metathiophosphates (MTPs).150 In another
publication, Mosey reported a cross-linking process of zinc phosphate (ZPs) under compression.155
Furthermore, Righi et al. applied FPMD to study the fundamental mechanism for carbon-film lubrication
by water.264 Thus, a combination of DFT and FPMD can provide new useful information to understand the
mechanism of tribochemical reactions of new lubricants in terms of both dynamic and electronic structure.
In practice, the oxide layer on the iron surface can be abraded during the shearing process, leaving the
chance for glass reacting directly with the pure iron surface.101, 265 In addition, Fe can diffuse from the
bottom layer to the top through cracks or gains and reacts with the glass layer.266, 267 Therefore, in this
chapter, we use both DFT and FPMD to investigate the behavior of the sodium silicate cluster interacting
with a nascent iron surface at high temperatures. The study will provide an in-depth insight into the
unknown adsorption mechanism and anti-wear performance of silicate lubricant on the iron surface. Our
FPMD simulations will provide real-time monitoring of the adsorption processes. Meanwhile, DFT
calculations will yield an in-depth understanding of the electronic structure of a sodium silicate cluster and
its adsorption on the iron surface. Their electronic structure is also analyzed to investigate the effects of
chemical reactions on anti-wear reduction as well as the fundamental mechanism for the tribofilm
formation.

4.2.

Computational Details

In order to investigate the interactions of sodium silicate lubricant with the iron surface, we performed FirstPrinciples MD (FPMD) simulations based on the Born-Oppenheimer method by using Vienna Ab Initio
Simulation Package (VASP).268, 269 The electron exchange and correlation effects are calculated using the
generalized gradient approximation (GGA) of Perdew−Burke−Ernzerhof (PBE) exchange and correlation
functional.270,

271

The projector augmented-wave (PAW) method is used to represent the interactions
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between valence electrons and ionic cores.272 The convergence criteria of 10-4 eV for self-consistent
electronic loop and 10-3 eV for ionic relaxation are applied for all calculations. In our simulation procedure,
there are three primary steps:
i.

Optimizing the structures of Fe (110) surface and sodium silicate cluster.

ii. Performing FPMD simulations for the Na6Si2O7−Fe system.
iii. Choosing several interesting adsorption configurations from the FPMD trajectories to produce
DFT calculations and investigate the electronic structures.
The following will detail how our simulations are set up.
4.2.1.

Optimizing the structures of Fe (110) surface and sodium silicate cluster

Iron surface was created by cleaving the unit cell of the bulk Fe. In this research Fe (110) surface was
chosen because it is the most thermodynamically stable surface 273. A vacuum of 20 Å was added along the
z-direction of the surface to prevent the interactions between the images of the simulation cell. The surface
was modeled by a periodic supercell of 17 × 15 × 25 Å, containing three atomic layers (Figure 4-1). The
selection of the slab thickness was based on the work by Righi et al.111
Sodium silicate was used as a lubricant to study the chemical reactions. It is noted that the polymer of
sodium silicate usually exists as a long-chain, ring, or complex networks. However, due to the high
computational cost in static DFT and FPMD calculations, a small cluster (Na6Si2O7) was chosen as a
representative of sodium sorosilicate (Figure 4-1). The cluster contains two groups of SiO4 and has both
non-bridging and bridging oxygen atoms. Therefore, it is able to represent all types of bonds existing in the
long-chain polymer. Although the small size of the current model limits its ability to explain the tribofilm
formation of a thick glass layer on the iron surface, the model can be used to predict the tendency of bond
formation or dissociation at the interface between glass and iron. Such information is very useful to
understand the adherence mechanism of silicate lubricant on the iron surface in the real system. The strategy
of cutting a long-chain polymer into small molecules to study its interaction with well-characterized
surfaces has been described by L. Delle Site and colleagues.274
4.2.2.

FPMD simulations for the Na6Si2O7−Fe system

After completing structure optimization, the Na6Si2O7 cluster was placed at 5 Å above the Fe (110) surface,
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as shown in Figure 4-1. This distance is relatively equal to the length of the cluster to sure the molecule can
freely rotate and approach the preferable site on the surface. During the FPMD simulations, the bottom iron
layer was frozen, while the top two layers and the adsorbate were allowed to move. The simulations were
performed at six different temperatures (1000, 1100, 1200, 1300, 1400, and 1500 K) using the Nose-Hoover
thermostat to maintain the temperature of the system. The total duration of each simulation was 10 ps which
corresponds to 20000 MD steps (with a timestep of 0.5 fs). It is worth mentioning that the selection of the
temperature range was based on experiments.275 Due to the large size of the supercell Brillouin zone
integrations were sampled over the Γ point, and the plane-wave expansion of the electronic wave function
is truncated by setting the cutoff energy to 350 eV. As a result of the enormous computational effort
associated with these FPMD simulations, only one initial configuration is considered in the study.

Figure 4-1. Initial structure of Fe-Na6Si2O6 system. Blue (Fe), Red (O), Purple (Na), and Orange (Si).

4.2.3.

DFT Calculations for the Selected Na6Si2O7−Fe Configurations

In order to extract the electronic structures of the system, which are useful to understand the interaction
between iron surface and silicate lubricant, standard DFT calculations have been performed on selected
interaction configurations from the FPMD trajectories. After finishing the FPMD simulations, several
configurations are chosen to capture the significant changes in the adsorbed state of the Na6Si2O7 cluster
on the Fe surface. The self-consistent calculations were then carried out to analyze the electronic structure
of the systems, such as the partial density of state (PDOS), charge transfer, and bond overlap population
(BOP). For higher accuracy, the cutoff energy and k-point mesh were increased to 400 eV and 3 × 5 × 1,
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respectively. In addition, due to the tendency to underestimate the bandgap of GGA exchange and
correlation when dealing with transition metals like iron,276 a GGA+U with Ueff = 4 eV (U = 5 eV and J =
1 eV) was used to provides more accurate electronic descriptions.277 We used the density derived
electrostatic and chemical (DDEC6) approach

278, 279

to calculate atomic charges. Further details on the

method and comparison with the Bader approach can be found elsewhere.280

4.3.

Electronic Structure of the Isolated Systems

In order to understand the interaction between silicate lubricant and iron surface, electronic structures,
including DOS and BOP, have been calculated on the isolated silicate cluster and the iron surface to create
a reference. Figure 4-2 reveals the PDOS of the isolated silicate cluster (a) and the pure iron surface (b). At
the isolated state, due to the localization of molecular orbitals, the PDOS of Na6Si2O7 appears as very sharp
peaks, which are typical for a molecule or cluster model. The PDOS of Na6Si2O7 is ranging from -7.5 eV
to -0.4 eV and is mainly composed of Si 3s, Si 3p, and O 2p orbitals. In addition, there is a strong overlap
between 3s and 3p orbitals of Si atoms and 2p orbitals from O atoms indicating strong bonds between them.
The significant contribution of Si 3s orbital is due to the fact that Si atoms are sp3 hybridized and have a
tetrahedral configuration.281 The four sp3 orbitals have one electron each, which overlaps with a 2p orbital
of oxygen to form the covalent bond. The result is consistent with the calculated bond angle indicating the
O-Si-O angle is 109.49o (Table 4-1). It is noted that the O 2p peaks located right below the Fermi level do
not overlap with either silicon or sodium states. Hence, those peaks must belong to the lone pair orbitals of
oxygen. Due to the ability to donate electrons, those lone-pair orbitals play an important role in the HOMO
and LUMO interaction between the lubricant and the iron surface.145

Figure 4-2. PDOS of the isolated silicate and the Fe surfaces: (a) isolated Na6Si2O7, and (b) the Fe (110)
surface. The unit for the y-axis is electrons/eV.
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Figure 4-2b shows the total and partial density of states for the nascent Fe (110) surface. It is well known
that the d electrons are the major contributors to the total density of states (TDOS) of transition metals. In
this case, we also observe that TDOS of Fe (110) surface are mostly composed of Fe 3d orbitals. The
contributions of Fe 4s and 3p orbitals are negligible compared to the 3d orbitals. The Fe 3d state is
distributed in the energy range from -7 to 4.5 eV. By comparison with Jun Hu's report 282, we found that by
adding the on-site Coulomb interaction, the PDOS of Fe surface has been expanded to above and below
Fermi level by approximately 1 eV. In addition, the main peak below the Fermi level is split into smaller
peaks. Apparently, the Fe surface has a high density of 3d states that crosses the Fermi level, so the d
electrons participate actively in chemical reactions with the adsorbate.
Table 4-1. Average bond lengths and angles for Na6Si2O7 cluster and the comparison with experiments
and MD simulations.
Interatomic distance, Å
Si-O

S-Ob

Si-O*

O-Na

Bond angle, degree
O-O

O-Si-O

Si-O-Si

109.49

146.30

101.9-115.7

141.3-148.1

103.1-116.9

133.72

Our result
Na6Si2O7 cluster

1.65

1.69

1.66

2.25

2.72

Crystals (X-ray diffraction)
Na6Si2O7

283

Na2SiO3

284

Na2SiO5

285

1.61

1.67

2.23-2.75

1.59

1.67-1.68

2.28-2.55
1.61

2.62-2.71

2.35

Neutron Diffraction
33Na2O-67SiO2 286

1.63

2.66

109.3

MD simulations
5Na2O-95SiO2 287

1.61

2.25

2.62

109.4

152.8

20Na2O-80SiO2

287

1.61

2.25

2.62

109.4

151.8

33Na2O-67SiO2

287

1.62

2.28

2.62

109.4

150.5

The Si-O* indicates the average value of all Si-O bonds.
The covalent characteristic of bonds is examined by analyzing the bond overlap population (BOP). The
BOP was calculated by the integration of crystal orbital overlap population (COOP) analysis utilizing
Local-Orbital Basis Suite Towards Electronic-Structure Reconstruction (LOBSTER) code 288-290 after the
self-consistent calculations by VASP code. The method has been successfully used to evaluate chemical
bonding from plane-wave based DFT calculations.291, 292 Basically, the larger BOP value means the higher
level of covalent characteristic in a bond.292, 293 Based on our BOP calculation (Table 4-2), the bonds
between silicon and non-bridging oxygen (NBO/O) Si-O are covalent bonds with the averaged BOP value
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of 0.31e. Meanwhile, the averaged BOP value for bonds between silicon and bridging oxygen (BO/Ob) SiOb is 0.24e. This result indicates that Si-NBO has a higher level of covalency than that of Si-BO. The BOP
calculation is consistent with the measured bond lengths from both our calculation and experimental studies,
which reported that the Si-Ob bond length (1.69 Å) is longer than that of Si-O (1.65 Å) (Table 4-1). Since
the longer bond lengths indicate in general a more ionic bonding character in the Si-Ob bonds, one expects
the BO atoms to have a lower BOP than the NBO atoms. Meanwhile, the BOPs of O-Na and Fe-Fe bonds
are very small, indicating that those bonds do not show the covalent characteristic.
Table 4-2. Average Bond Overlap Population (BOP) of ionic and
covalent bonds in the isolated Na6Si2O7 cluster and the Fe surface.
Bonds

Si-O

Si-Ob

O-Na

Fe-Fe

BOP (e)

0.31

0.24

0.06

0.01

4.4.

Interactions between lubricant and Fe surface at high temperature

4.4.1.

Adsorption of Na6Si2O7 on the iron surface

This section will discuss the behaviors of the silicate cluster during the adsorption on an iron surface at
1000 K, which is the lowest temperature in the simulation range. Figure 4-3 reveals the snapshots of sodium
silicate cluster on the Fe surface during the simulation. In order to have a better illustration, only the iron
atoms on the top layer have been shown. The BO atom has been marked as Ob, while NBO atoms have
been noted from O1 to O6.

Figure 4-3. Different adsorption configurations of Na6Si2O7 on the Fe surface during the simulation at 1000
K. The snapshots were taken at 0.6 (a), 1.3 (b), 1.4 (c), and 2.5 ps (d).
Figure 4-3 shows that the Na6Si2O7 molecule adsorbs on the Fe (110) surface from an early stage of the

91

simulation. As the molecule gradually approaches the ion surface to find the favorable adsorption position,
it rotates and forms the first bond between O1 and Fe at 0.6 ps (Figure 4-3a). The dangling part of the
molecule shortly goes down and bonds to the iron surface at 1.3 ps (Figure 4-3b). In this configuration, the
BO (Ob) also forms a bond with a Fe atom. However, the Fe-Ob bond is weak, and it is dissociated quickly,
leaving only two NBOs bonds with the surface (Figure 4-3c). At 2.5 ps the Na6Si2O7 molecule anchors to
the Fe surface by three NBOs as shown in Figure 4-3d. The first SiO4 unit links to the surface using the
bonds of two NBOs, while the second one only uses one NBO for the bonding. In general, the trajectory
analysis shows a tendency that the sodium silicate molecule prefers to form multiple Si-O-Fe linkages with
the iron surface. The number of NBOs involved in the bonding with the iron surface gradually increases
from one to three during the simulation.
Table 4-3. Bond Overlap Population (BOP) of Na6Si2O7 cluster adsorbed on Fe surface at 1000 K*.
Na6Si2O7 cluster

Fe-O

Time (ps)

Si1-O1

Si1-O2

Si1-O3

Si1-Ob

Si2-Ob

Si2-O4

Si2-O5

Si2-O6

Total

0.6

0.18(1)

0.33

0.36

0.29

0.20

0.29

1.3

(3)

0.15

0.34

0.41

0.21

1.4

0.16(3)

0.35

0.36

0.23

2.5

(2)

0.25

(2)

0.20

0.42

0.27

0.32

0.32

0.48

0.21

(2)

0.19

0.33

0.37

1.06

0.23

0.17(2)

0.37

0.34

0.97

0.24

(3)

0.35

0.40

1.31

0.15

*The superscript indicates the number Fe bonded to NBO in Si-O.

Table 4-3 presents the BOP values of the four selected configurations above. The BOP of O1-Fe bond at
0.6 ps is around 0.48 e. This result demonstrates that O-Fe bonds have a strong covalent characteristic
compared to the Si-O bonds of the isolated cluster (0.31 e). Furthermore, the Fe-O bond length at the
beginning of the adsorption (0.5 ps – 5 ps) fluctuates between 1.59 and 2.39 Å with an average value of 2
Å (Figure 4-4a), which is close to the Fe-O covalent bond length (1.98 Å). The covalent bond length
between Fe and O is estimated by the summation of the covalent radii of Fe (1.32 Å) and O (0.66 Å ).294
Additionally, sodium atoms do not form any specific bond during the simulation. Apparently, the
interaction of alkali ions is mainly through a weak electrostatic interaction.295 Therefore, the Na ions can
only form weak and non-directional ionic bonds with NBOs. This weak ionic bond leads to the high
mobility of sodium ions, as shown in the root mean squared displacement (RMSD) in Figure 4-4b.
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Figure 4-4. Evolution of O1-Fe bond length (a) and Root Mean Square Displacement in Na6Si2O7 cluster
(b) during the simulation at 1000 K.
The formation of O-Fe covalent bonds also indicates that the Fe – sodium silicate interaction is a result of
a chemical reaction rather than a physical absorption. In addition, (BOP) calculation in Table 4-3 shows
that the covalent bond Si-O can be weakened due to the formation of Si-O-Fe linkage. At 0.6 ps when the
O1-Fe bond was formed, the BOP of Si1-O1 bond decreased from 0.31 e to 0.18 e (a 42% drop). The
calculated bond distances in Figure 4-5 also indicate that Si1-O1, Si1-O2, and Si2-O4 bond lengths fluctuate
in a larger range compared to other non-bridging bonds after the bond formation with the iron surface. This
phenomenon can be explained by the fact that the O atoms donate their electrons to form covalent bonds
with the Fe atoms. Therefore, there are fewer shared electrons in the bond between Si and O that weakens
the Si-O bond. As a consequence, it is easier to break the Si-O bond after the absorption. Moreover, the
BOP calculation also shows that the reduction of Si-O bond strength is more profound when O absorbs on
the threefold position of the surface. In particular, the BOP of Si1-O1 at 1.3 ps and Si2-O4 at 2.4 ps (O
adsorbs on the threefold position) significantly drop to 0.15 e, which is the smallest value in the four selected
configurations. In addition, as O shares its electrons to form multiple O-Fe bonds, the average BOP of OFe bonds decreases as the number of O-Fe bonds increases. However, the total BOP of O-Fe still increases
with time (Table 4-3), which proves the adhesion capability of the sodium silicate to the iron surface.
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Figure 4-5. The evolution of Si-O and Fe –O bond length in Na6Si2O7 cluster during the simulation at 1000
K.
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Figure 4-6. PDOS of the selected adsorption configurations at 1000 K. The selected configurations
correspond to the snapshots taken at 0.6 ps (a) and 2.5 ps (b) in Figure 4-3. The unit for y-axis is
electrons/eV.
In order to provide more details in the iron-silicate interactions at the electronic level, we calculated the
PDOS for each selected snapshot configuration and compared them with the PDOS of the isolated systems.
The PDOS for the configurations at 0.6 ps and 2.5 ps is shown in Figure 4-6. Compared to the PDOS of the
isolated system (Figure 4-2a), one can easily see that the PDOS of O and Si atoms in the adsorbed system
become smeared and widened bands from -8.5 eV to 0 eV. Those broadened bands overlap with Fe 3d,
indicating that the Fe-O bond is a hybridization between O 2p and Fe 3d orbitals. The PDOS of O becomes
flattened as the number of O atoms bonded to the Fe surface increases (Figure 4-6b). In addition, the O 2p
peaks are significantly shrunk, especially those peaks near the Fermi level, which suggests electrons are
withdrawn from oxygen atoms. Furthermore, as the number of adsorbed oxygen increases, the O 2p states
are shifted to lower energy levels. Figure 4-6b shows that the O 2p states are mainly located between -7 eV
to -4 eV. This result indicates a stronger bonding interaction caused by the strong overlap between O 2p
and Fe 3d states. Apparently, the calculated PDOS is consistent with the BOP calculation showing O atom
can form a strong covalent bond with Fe atoms on the surface.
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Figure 4-7. Charge transfer for the selected adsorption configurations at 1000 K. ρFe, ρO, ρNa and ρSi are the
total charge transfer of the Fe, O, Na and Si, respectively. In the horizontal axis, (a-d) correspond to the
selected configurations in Figure 4-3.
Table 4-4. Net charges of the sodium silicate adsorbed on Fe surface.
Time (ps)

Fe surface
qFe1

qFe2

Na6Si2O7 cluster

qFe3

qFe

qO

qSi

qNa

3.142

5.305

Isolated sodium silicate and the Fe surface
0.214

-0.456

0.232

-0.010

-8.447

Sodium silicate adsorbed on Fe surface at 1000 K
0.6

-0.105

-0.643

0.298

-0.451

-7.595

3.080

5.030

1.3

-0.640

-0.728

0.361

-1.007

-6.387

2.951

4.477

1.4

-0.666

-0.590

0.293

-0.963

-6.409

2.954

4.430

2.5

-0.663

-0.728

0.308

-1.083

-6.201

3.119

4.221

*qFe1, qFe2, and qFe3 are the total charge in the 1st, 2nd, and the 3rd layer, respectively. qFe, qO, qNa, and qSi are
the total charge of Fe, O, Na and Si, respectively.

The charge analysis (Figure 4-7) shows consistency with the calculated PDOS, indicating a charge transfer
from O to Fe atoms on the surface. The amount of electron transfer is calculated by comparing the net
charges of the selected configurations with those of the isolated systems. The positive values in Figure 4-7
indicate electrons are drained from the atom and vice versa. Obviously, the top layer is the most affected
layer by the interaction. The data in Figure 4-7 shows that the Fe surface receives 0.441 e when the first
Fe-O bond is formed, whereby the top layer gains 0.319 e while the second layer receives 0.187 e (Table
4-4). Meanwhile, there is almost no change in the net charge of the bottom layer of the iron surface. At the
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same time, O atoms lose 0.852 e overall, with the additional electrons being transferred to Si and Na atoms
(0.337 e in total). As the more NBOs anchor to the surface, the more electrons are drained from O atoms
while the total net charge of the surface becomes more negative. At 2.5 ps, the Fe surface receives 1.073 e
in total (Figure 4-7), with 0.877 e of which being transferred to the top layer (Table 4-4). Meanwhile, O
atoms lose 2.246 e, and ~52% of these electrons are transferred to Si and Na.
4.4.2.

Dissociation of Na6Si2O7 on an iron surface

This section will discuss the dissociation process of the Na6Si2O7 molecule on the Fe surface. The details
of structures observed during the simulations at temperatures above 1000 K are discussed to provide a
general description of the reaction paths. The electronic structures of several snapshots will be analyzed to
clarify the effects of Fe surface on the adsorption as well as the dissociation of the Na6Si2O7 cluster.

Figure 4-8. Different interaction configurations of Na6Si2O7 on the Fe surface at 1100 K.
Figure 4-8 illustrates the structures of the system observed during the simulation at 1100 K. Similar to the
simulation at 1000 K the Na6Si2O7 cluster quickly goes down to create an O1-Fe bond between NBO/O1
and Fe at 0.4 ps. It is interesting to note that the O5 forms a covalent bond with Si1 atom, creating the
second BO (Ob2) at 0.5 ps. Importantly, the bond between Si1-O1 is dissociated immediately after the
formation of Si1-O5 at 0.7 ps (Figure 4-8c and Figure 4-9), suggesting that the formation of the Si1-O5/Ob2
bridging bond has a strong sequel on the bond strength between Si1-O1. In fact, the dissociation of the Si1O1 bond immediately after the creation of the Si1-O5 bond helps maintain the 4-fold coordination of Si1.
This result is consistent with the experiment observed by Wu et al.,296 who found that Si in silica glass has
5-fold coordination only at extremely high pressure (>12 GPa). Furthermore, the Si1-O1 bond breaking is
consistent with the previous BOP calculation in Table 4-3, demonstrating that the adsorption of sodium
silicate molecule reduced the strength of Si-NBO bond at which O is anchored with Fe. The bond between
Ob and Si2 atoms is weakened with the calculated BOP value of 0.15 e at 0.7 ps. Therefore, the bond is
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quickly dissociated at 0.9 ps, as shown in Figure 4-9. It is noted that the dissociation of Si2-Ob breaks the
tetrahedral structure of Si. Therefore, Si can create a bond with a Fe atom at 3.1 ps (Figure 4-8d). During
the rest of the simulation, we observed the re-combinations of the Si2-Ob bond at 5.9 ps (Figure 4-9).

Figure 4-9. Evolution of Si-O bond length in Na6Si2O7 cluster during the simulation at 1100 K.
Unlike the behaviors at 1100 K, we do not observe any formation of the second BO/Ob2 from the
simulations at 1200 K and 1300 K. However, it is also worth mentioning that only one initial configuration
is considered in the FPMD simulations due to the high computational cost. Therefore, it is still possible to
observe the formation of the second non-bridging bond if the number of initial configurations and the
simulation time is sufficiently large.297 Nevertheless, the procedure would require a different method with
a lower computational cost, i.e., reactive molecular dynamic,297 which is beyond the scope of this thesis.
As mentioned above, the dissociation of the Si-NBO at 1100K is caused by both the surface effect and the
formation of the additional bridging bond (Figure 4-8c). The absence of the second BO/Ob2 in the
simulations at 1200 K and 1300 K makes it difficult for the Si-NBO bond to break (Figure 4-10). Therefore,
the result at 1200 K and 1300 K also demonstrated that the additional bridging bond has a strong impact on
the dissociation of the Si-NBO bonds.
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Figure 4-10. Different adsorption configurations of Na6Si2O7 on the Fe surface during the simulation at
1200K (a-c) and 1300 K (c-d).

Figure 4-11. Different interaction configurations of Na6Si2O7 on the Fe surface at 1400 K.
Figure 4-11 shows the structures of the system observed during the simulation at 1400 K. Due to the strong
effect of temperature (at 1400 K), the Si-O bond in the Si-O-Fe linkage can be broken without the formation
of the second BO/Ob2. The Si-O bond-breaking took place at around 2.9 ps, as shown in Figure 4-11c and
Figure 4-12. After the bond breaking, the dangling part of the cluster goes down to create a bond between
Si1 and Fe on the surface, as shown in Figure 4-11d. It is worth mentioning that the dissociated O at both
1100 K and 1400 K tends to adsorb on the three-fold position. Therefore, the result suggests that the threefold position is the most stable absorption site of the dissociated O on the Fe (110) surface.
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Figure 4-12. Evolution of Si-O bond length in Na6Si2O7 cluster during the simulation at 1400K.

Figure 4-13. PDOS for the selected adsorption configurations at 1100 K and 1400 K. The top and bottom
panels show PDOS at 1100 K and 1400 K, respectively. Due to the similarity, only the PDOS of the last
three snapshots on the top (Figure 4-8b-d) and bottom (Figure 4-11b-d) panels are shown. The unit for the
y-axis is electrons/eV.

In addition to the geometry information, the electronic structure also reveals how Na6Si2O7 adsorbs and
dissociates on the surface. Figure 4-13 shows the transformation of PDOS during the dissociation of the
cluster at 1100 K and 1400 K. The disociation of the Si1-O1 bond (Figure 4-8c) at 1100 K results in a
significant change in the system PDOS. As shown in Figure 4-13b the O 2p states below the Fermi level
increase dramatically. This is because the molecule in this configuration only forms a weak bond between
Ob and Fe. Therefore, the bonding interaction is reduced, shifting low energy states up and merge into
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higher energy states. Due to the significant reduction of the binding interaction, the peaks below -8 eV
disappear (Figure 4-13b). Similarly, the degeneration of the overlap states below -8 eV has been observed
in the case of 1400 K when Si1-O1 bond is dissociated (Figure 4-13e). However, the PDOS still shows an
overlapping peak below -8 eV, which is due to the stronger bonding interaction of the O2 atom with Fe
surface than that of Ob.
The tendency of forming multiple bonds between O-Fe has also been found in the two simulations at 1100
K and 1400 K, which results in a similar trend for the O 2p states, as mentioned in section 4.4.1. The
calculated PDOS (Figure 4-13) shows that the intensity and the position of O 2p peaks are reduced and
shifted to lower energies indicating a strong bonding interaction and electrons are drained from the atom.
The outcome is consistent with the DDEC charge analysis (Figure 4-14), which indicates that O atoms
transfer electrons to the surface during the adsorption. Particularly, at 1100 K the O atoms lose a total of
2.722 e compared to the isolated system. Meanwhile, a similar amount of 2.701 e has been drained from O
atoms in the case of 1400 K.
Table 4-5. BOP of Na6Si2O7 cluster adsorbed on the Fe surface.
Time
(ps)

Na6Si2O7 cluster
Si1-O1

Si1-O2

Si1-O3

Si1-O5

Si1-Ob

Si2-Ob

Si2-O4

Si2-O5

Si2-O6

Si-Fe

Fe-O

Total

Total

BOP of Na6Si2O7 cluster adsorbed on the Fe surface at 1100 K
0.4

(2)

0.34

0.34

-

0.27

0.15

0.30

0.35

0.30

-

0.48

(3)

0.17

0.5

0.08

0.35

0.37

0.09

0.17

0.19

0.33

0.26

0.34

-

0.63

0.7

0.00

0.34

0.36

0.18

0.18

0.15

0.35

0.27

0.35

-

0.69

0.20

0.34

0.46

0.99

3.1

(2)

-

0.23

0.39

0.26

(2)

0.22

-

(1)

0.24

BOP of Na6Si2O7 cluster adsorbed on the Fe surface at 1400 K
0.6
1.1
2.9
3.9

(1)

0.16

(2)

0.24

(3)

-0.02
-

0.35

0.35

-

0.24

0.17

0.31

0.32

0.31

-

0.36

(2)

0.40

-

0.24

0.17

0.30

0.35

0.30

-

0.92

(2)

0.40

-

0.30

0.18

0.30

0.31

0.30

-

0.77

0.36

0.28

0.60

0.33

0.19
0.13

(2)

0.21

(2)

0.20

-

0.19

0.25

(1)

0.25

*The superscript indicates the number of Fe bonded to NBO in Si-O.
The formation of the Si-Fe bond also modifies the PDOS of the system. Generally, the Si 3s and 3p orbital
are smeared and shifted to below -4 eV (Figure 4-13c and Figure 4-13f). The result indicates a strong
interaction between Si and Fe atoms. The calculated BOP (Table 4-5) indicates Si forms a strong covalent
bond with Fe atoms; the BOP of those bonds varies from 0.30 – 0.46 e. The DDEC charge analysis shows
that Si receives the largest amount of charge when the Si-Fe bond is formed, which implies that the Si atom
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withdraws electrons from the surface (Figure 4-14). Particularly, a total amount of 0.830 e and 0.931 e has
been transferred to Si atoms in the simulation at 1100 K and 1400 K, respectively. The effect of Si-Fe bonds
to the surface net charge is more significant at 1400 K compared to that of 1100K, i.e., the formation of
those Si-Fe bonds causes a loss of 0.247 e from the surface as shown in Figure 4-14b. Meanwhile, the loss
of electrons from the surface has been compensated by a large amount of charge from O atoms at 1100 K.
In general, the dissociation of Si-NBO bond leads to the formation of the Si-Fe bond, which in turn reduces
the amount of charge transfer to the iron surface.

Figure 4-14. Charge transfer for the selected adsorption configurations at 1100 K and 1400 K. ρFe, ρO, ρNa,
and ρSi are the total charge transfer of the Fe, O, Na and Si, respectively. In the horizontal axis, (a-d)
correspond to the selected configurations in Figure 4-8 and Figure 4-11.
4.4.3.

Depolymerisation of Na6Si2O7 on Iron Surface

As mentioned in Section 4.4.2 the Na6Si2O6 cluster only dissociates its NBOs, but the backbone of the
molecule does not change. Since the cluster directly bonds to the surface through the NBOs, those Si-NBO
bonds are mostly affected by the surface. In addition, the formation of the additional Si-Ob2 bridging bond
is also an important factor that causes the dissociation of the NBO. In this section, when the temperature
reaches 1500 K, the influence of temperature on the system is more significant, and we can observe the
depolymerization process in this condition, as shown in Figure 4-15.
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Figure 4-15. Different snapshots of Na6Si2O7 on the Fe surface during the simulation at 1500 K. The
snapshots were taken at 0.5 ps (a), 2.2 ps (b), 2.7 ps (c), 3.2 ps (d), and 3.4 ps (e).

The snapshots in Figure 4-15 show a similarity with the previous simulations as the molecule tends to rotate
and adsorb on the iron surface by one of its SiO4 group at the beginning of the calculation. However, the
dangling part does not quickly go down to the surface as observed in previous simulations. At 2.2 ps, the
Si2-Ob is broken, separating the molecule into individual SiO3 and SiO4 groups (Figure 4-15b and Figure
4-16). SiO4 group remained adsorbed on the surface while SiO3 group quickly goes down and anchors to
the surface at 3.2 ps (Figure 4-15d). In the following steps, NBOs in Si1-Ob and Si2-O5 bonds are quickly
dissociated from those SiO3/SiO4 groups leading to the bond formation between Si and Fe at 3.4 ps (Figure
4-15e). During the rest of the simulation, the Si1-O2 bond is dissociated at around 7.5 ps (Figure 4-16). In
general, the simulation at 1500 K indicates that the lubricant can be decomposed into small fragments,
suggesting the existence of the depolymerization process in harsh conditions. In addition, both bond
dissociation and depolymerization occur, which is totally different from the lower temperatures when only
bond dissociation is observed. This result suggests a vital contribution of temperature in the shortening of
the silicate chains. However, it is worth mentioning that the current simulation did not account for the
effects of shearing rate and severe loads, which are believed to cause the polymerization process at high
temperatures as observed in the case of ZDDP.155
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Figure 4-16. The evolution of Si-O bond length in Na6Si2O7 cluster during the simulation at 1500 K.
The calculated PDOS in Figure 4-17 shows an increase in the Si 3s and 3p states at 6 eV and 4 eV after the
Si2-Ob bond breaking at 2.2 ps. The result might be caused by two reasons. First, the depolymerization
transforms the BO into NBO. Since the bonding interaction between Si-NBO is stronger than that of the
Si-BO, the higher energy states are down-shifted and merged to the lower states, causing an increase in the
intensity of the Si states. In addition, the SiO3 fragment behaves like an isolated cluster making its states
more localized and become sharp peaks. Secondly, Si atoms can drain electrons from O after the bond
dissociation. In fact, the Si2 atom in the SiO3 fragment gives fewer electrons to its surrounding O atoms.
Our calculated charges indicate that the Si atoms receive 0.298 e after the depolymerization.

Figure 4-17. PDOS for the selected adsorption configurations at 1500 K. The selected configurations
correspond to the snapshots taken in Figure 4-15. The unit for the y-axis is electrons/eV.
After the adsorption of the SiO3 fragment, the PDOS of Si and O states become more broadened (Figure
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4-17d). As the adsorption of the SiO3 fragment increases the number of Si-O-Fe linkages, an additional
hybridized peak below -8 eV is observed in the PDOS at 3.2 ps. At 3.4 ps, the Si1-Ob and Si2-O5 bonds
are dissociated, causing the disappearance of the additional hybridized peak. Moreover, the Si 3s states are
strongly shifted to the lower energy level due to the covalent bonds with Fe atoms on the surface. As shown
in Figure 4-17e, the Si 3s states are mainly redistributed at the energy below -8 eV. In addition, the Si 3p
states become more smeared and widened bands. The result is consistent with the calculated BOP in Table
4-6, which indicates that Si forms a strong covalent bond with Fe surface (the total BOP of Si2 atom with
Fe surface is 0.53 e). A strong bond between Si and Fe was also reported by Bui et al. 298 when studying
the adsorption of Fe on silicene monolayer. According to their study, the 3d shells of Fe and 3p shells of Si
overlap significantly, which consequently results in a strong bonding interaction. PDOS and DDEC analysis
(Figure 4-18) also reveal a charge transfer from O to the surface, which is more intensive compared to the
previous simulations. The more significant charge transfer is due to the increasing number of O and Si
bonds to the surface. Apparently, O loses 3.488 e (Figure 4-18), making its total net charge increase to 4.959 e, while Si atoms also witness a large charge accumulation (1.391 e). It is worth mentioning that the
amount of charge received by the iron surface is not higher than the previous simulations. This is due to the
fact that Si atoms also drain electrons from the iron surface when the Si-Fe bond is formed. However, the
Fe surface still gains charges during the whole process.
Table 4-6. BOP of Na6Si2O7 cluster adsorbed on the Fe surface at 1500 K*
Time

Fe-O

Na6Si2O7 cluster

(ps)

Si1-O1

Si1-O2

Si1-O3

Si1-Ob

Si2-Ob

Si2-O4

Si2-O5

Si2-O6

Si-Fe

Total

0.5

(3)

(3)

0.39

0.24

0.21

0.30

0.27

0.33

-

0.82

(1)

0.25

(3)

0.22

2.2

0.20

0.24

0.37

0.33

0.05

0.34

0.33

0.37

-

0.75

2.7

0.25(2)

0.20(2)

0.41

0.23(1)

-

0.35

0.36

0.35

-

0.51

3.2

(1)

(2)

0.40

(2)

0.37

-

1.41

0.40

0.53

2.77

3.4

0.32

(1)

0.22

0.16

(3)

0.16

0.40

0.26

(3)

-0.02

-

0.37
(1)

0.23

*The superscript indicates the number of Fe bonded to NBO in Si-O.
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(1)

0.24

0.00

Figure 4-18. Charge transfer for the selected adsorption configurations at 1500 K. ρFe, ρO, ρNa, and ρSi are
the total charge transfer of the Fe, O, Na, and Si, respectively. In the horizontal axis, (a-e) correspond to
the selected configurations in Figure 4-15.
It is noted that in all of the simulations, the dissociated NBO atoms tend to adsorb on the threefold position
on the iron surface. The NBO atoms stopped moving from their position after the dissociation, indicating
that this adsorption configuration is very stable. The interaction and adsorption of oxygen on Fe (110)
surface have been studied by both experiment and theoretical calculation for a long time. Currently, there
is a controversial report about the most stable adsorption site of O atom on Fe (110) surface. Previous
studies suggested that the long bridge sites are the most favorable position site for O on Fe (110)
substrate.299, 300 On the other hand, some recent studies reported the higher stability of superstructures with
O in the threefold coordinated hollow site.301-303 Our result supports the second finding as O atom prefers
to adsorb on the threefold position of the Fe (110) substrate.

4.5.

Free Energy of Activation

Activation energy is an important parameter used to estimate and predict a reaction. In this study, the
thermodynamic integration method 304 has been used to examine the activation energy of the dissociation
processes observed in the standard molecular dynamic simulations. The method allows us to efficiently
calculate the reaction barrier.
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Figure 4-19. Optimized structures and reaction coordinates for the dissociation mechanism of NBO atom
at (a) 1100K and (b) 1400K and the depolymerization (c) at 1500K of the silicate cluster. Sodium ions have
been removed for better illustration.
Figure 4-19 shows the selected reaction coordinate ξ for the dissociation of NBO at 1100 K, 1400 K, and
the depolymerization process at 1500 K. In order to determine the free-energy profile, free-energy gradients
(constrained force) for several samples are calculated. Since the reaction at 1100 K require the dissociation
of the non-bridging bond r1 and the formation of an addition bridging bond r2, the bond length r1 will
increased while r2 will be reduced. By defining reaction coordinate as the subtraction of the two bonds ξ =
𝑟D -𝑟; , we can make sure the reaction coordinate will increase during the stretching of the bond. Finally we
subtract the reaction coordinate to r3 to ensure the bond will not be dissociated. The reaction coordinates at
1400 K and 1500 K are the stretching of the non-bridging and birding bonds respectively. Starting from the
selected configuration in the previous simulations (Figure 4-8a, Figure 4-11b, and Figure 4-15b), we
performed a full relaxation to obtain the first minimum. The constrained bonds were then stretched from
their equilibrium bond lengths. The free-energy gradient was evaluated from 2500 AIMD steps after the
equilibration was established (at least 2500 AIMD steps). In order to obtain more accurate energy, the
timestep was reduced to 0.25 fs. The barrier energy is obtained by calculating the path integral over the
constrained force along the reaction coordinate connecting the initial and transition state (Equation 4.1).304
The saddle point of Helmholtz free-energy can be defined by the vanishing of the constrained force. The
trapezoidal rule has been adapted to perform numerical integrations.
ξ(2)

§¨

Δ𝐸DN; = ∫ξ(1) 𝑑ξ ž §ξ Ÿ
§¨

ξ∗

ž §ξ Ÿ ∗ is the free-energy gradient at a fixed value of reaction coordinate ξ∗ .
ξ
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(4.1)

Figure 4-20. Free energy profile ΔE along the reaction coordinate (ξ ) for the Si-NBO bond dissociation at
1100 K (square), 1400 K (dot), and the depolymerization at 1500 K (triangle). The peak of each line
indicates the barrier energy. The integration of the free energy profile is stopped at the vanishing point of
the gradient energy showing the saddle point (Figure 4-21).
The optimized structures show that the Si-O bond length in the configuration at 1400 K and 1500 K is 1.71
Å and 1.75 Å, respectively. However, the Si-O bond in the configuration at 1100 K is much longer (1.83
Å), indicating a stronger effect of the surface to the bond strength. Figure 4-20 shows the calculated free
energy profile along the reaction paths (The free energy gradient is provided in Figure 4-21). For the
dissociation at 1100 K, the activation barrier is 0.52 eV. Meanwhile, for the dissociation at 1400 K, the
energy barrier is increased strongly to 0.81 eV. The reaction for the depolymerization at 1500K has the
highest barrier energy of 0.89 eV.

Figure 4-21.Evolution of gradient energy along the reaction coordinate (ξ) for the Si-NBO bond dissociation
at 1100 K (a), 1400 K (b), and the depolymerization at 1500 K (c).
The change of the barrier energy also reflects the impact of the iron surface on the dissociation processes
as mentioned in the previous sections. As mention previously, in the depolymerization process at 1500 K
the involved atoms (Si1, Ob, and Si2) do not have any direct bonds with the iron surface, which reduce the
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effect of the surface to the process. As a result, the depolymerization at 1500 K has a very high (0.89 eV)
barrier energy. However, due to the direct bond between NBO and Fe, the dissociation of the Si-NBO bond
at 1400 K is easier with the barrier energy of 0.81 eV. At 1100 K, the effect of the iron surface becomes
clearer with a strong elongation of the Si-NBO bond length. In addition, the formation of the additional BO
bond further reduces the barrier energy to 0.52 eV, which is 42% lower than that of the depolymerization.
In general, the results of activation energy are in good agreement with the previous standard AIMD
simulations in sections 4.4.2 and 4.4.3, which indicates the Si-NBO bond dissociation is more favorable
than the depolymerization due to the influence of the iron surface. In addition, the results also confirm the
significant contribution of the additional bridging bond on the Si-NBO bond dissociation at low
temperatures.

4.6.

Discussions

The BOP values of Fe-O bonds in Table 4-3 not only prove the covalent character of the Fe-O bond but
also demonstrate that these bonds are very strong. Their strength is even stronger than Si-O bonds, which
confirms the adhesion capability of the sodium silicate to the metal surface. It is well-known that adhesion
is one of the most important properties of high-temperature lubricants since their antiwear performances
consistently depend on the adhesion capability
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. The better the adhesion capability of a lubricant gets,

the greater its antiwear performance. The adsorption of sodium silicate at 1000 K indicates the number of
NBOs involved in the bonding increases gradually during the process, which in turn improves the adhesion
property of silicate lubricant.
Furthermore, our simulation shows that the Na6Si2O7 prefers to adhere to the Fe surface through its NBOs,
whereas BO does not form a stable bond with the iron surface. This might be because the BO is less
chemically active than NBO.305 The result suggests that increasing the concentration of NBO may facilitate
the reaction of Na6Si2O7 with Fe surface and eventually improve the adhesion of the lubricant.
From the standard view, silicate glass has been constructed from the tetrahedral SiO4 units connected
through Si–O–Si bridging bonds that are strong and directional. There are two types of the cation in the
silicate matrix. The first one is the basis of tetrahedron known as network former (Si4-), which help to build
the glassy network and increase the degree of polymerization. The second one, called network modifier
(Na+), has the opposite effect as they can break up Si-BO links and play a role as the charge compensation.
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By adding more network modifiers such as alkali metals, the structure of silicate glasses can be degraded,
creating sheets, rings, and short-chains such as sorosilicate or orthosilicate molecules. Therefore, the
concentration of NBO can be adjusted by modifying the concentration of sodium (network modifier) in the
lubricant compound.306 However, the depolymerization process may lead to an unstable network that has a
negative effect on the antiwear capability. It is well known in phosphate lubricants that the increasing degree
of polymerisation will result in a much tighter network, which is believed to be responsible for an
improvement in the chemical and mechanical stability of phosphate tribofilm, and wear reduction.155, 307
Furthermore, an increase of the network modifier concentration can break the glassy network and reduce
the degree of polymerization, which in turn lowers the viscosity.308 Since the reaction rate, tribofilm
stability, and viscosity can be controlled by the concentration of network modifiers, finding the optimal
ratio of network modifier or NBO deserves a further investigation.
As mentioned in the simulation at 1100 K, the formation of the Si1-O5/Ob2 bond transforms the NBO (O5)
to the second BO (Ob2). The new silicate structure is called 2-Ring defect, which is a set of edge-sharing
SiO4 tetrahedra. The 2-Ring defective structure has been identified experimentally during the fracturing of
silica.309-311 In our simulation, the formation of 2-Ring defective structure eliminated one NBO that later
becomes adsorbed on the Fe surface. Therefore, this process can weaken the adhesion capability by
reducing the number of Si-O-Fe linkages. In addition, the dissociation of NBO will create free oxygens in
the tribofilm that lead to the reduction of the anti-oxidation ability of the lubricant. The oxidation process
not only causes a huge loss of material but also has an indirect effect on the anti-wear performance of the
lubricant. This is because, during the shearing process, the scale oxide layer on the top can be abraded,
creating iron oxide particles, so oxygen can attack the nascent iron surface.183 The iron oxide particles are
relatively hard with a high melting point (>1200 oC) and can cause severe damage to the film. As the
shearing process continues, more nascent surface areas are exposed to oxygens. As a consequence, the wear
will increase over time. Therefore, in order to reduce loss and wear caused by oxidation, we have to
eliminate or reduce the dissociation of NBO. One possible solution is to dope high coordination number
cations such as Fe(5) or Al(6) into the glass. Hence, the new network formers can have additional bonds with
NBOs when 2-Ring defects are formed without eliminating the other NBOs. It is also believed that the
incorporation of high coordination number network former like Fe can create cross-linking that
consequently increase the degree of network and reduce wear.
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Both PDOS and DDEC charges indicate a large amount of charge is transferred from O to the Fe layers.
The phenomena may contribute to the formation of the tribofilm in several aspects. At first, the charge on
the Fe surface becomes more negative as the number of bonds with NBOs increases. As a result, the
negatively charged surface may create an electrostatic field and attract positively charged atoms thanks to
the Coulombic interactions. It is well-known that the mobility of alkali ions in aqueous silicate is extremely
high due to the weak ionic bond with NBOs.312, 313 In addition, as the charge transfer from oxygen to the
surface also reduces the Coulombic interaction between O and Na, the mobility of Na may become even
higher after the silicate adsorption. Therefore, there is a possibility that sodium atoms will respond to the
electrostatic field and move toward the Fe surface. In fact, a high concentration of alkali elements on the
steel surface has been found in several glassy lubricants. For instance, Tran et al.75 reported a bi-layer
tribofilm consisting of B2O3 on top of a rich Na layer when testing with sodium borate lubricant. A high
concentration of Na on the top of the iron oxide surface has also been found in phosphate lubricant.307
Furthermore, our simulation also suggested that the dissociation of NBOs may lead to the formation of the
direct Si-Fe bonds. The process can bring an opposite effect to the adsorption of NBOs since Si atoms will
drain electrons from the surface.
The flow of alkali ions may result in a layering process in the tribofilm. In particular, a high level of
polymerization can be observed in the layer where alkali ions are drained. Meanwhile, the rich alkali ion
layer, which is likely located near the surface, will have a high degree of depolymerization. The result is in
a good agreement with the experimental studies by Wang at el. Indicated that an Na rich layer tribofilm is
formed on top of steel surface, the tribofilm can help to reduce friction and wear up to 50% at 920 °C and
above. 90, 91 The alkali rich tribofilm can also be found when combine sodium metasilicate lubricant with
expanded graphite.86 Furthermore, the layering process has been observed in other glass such as phosphate
and borate lubricants. For example, Wan et al.

66, 307

found a tribofilm with different chain lengths of

polyphosphate and has a gradient change in composition. According to Wan’s report, the top layer is short
chain-length polyphosphate, which is mainly caused by oxide of the long chain-length polyphosphate when
the tribofilm is exposed to the air; the sublayer is composed of relatively long chain-length polyphosphate
on top of short chain-length polyphosphate. The result, therefore, indicates a depolymerization process in
the bottom layer while the upper layer shows a higher degree of polymerization. In addition, a
polymerization process of B2O3 on top of the rich Na layer has been observed experimentally 75.
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The simulation at 1500 K indicates that extremely high temperatures can cause serious damage to the
lubricant. The lubricant is decomposed into small fragments that may result in the instability of the
tribofilm, high friction and wear. Matsumoto et al.

87

reported an increase in the friction coefficient of

sodium silicate lubricant, which is likely caused by the decomposition of the lubricant at high temperatures.
The present study does not account for the effect of pressure and shear, which are believed to play an
important role in the formation of tribofilm, such as the polymerization by pressure 155. Furthermore, a layer
of Fe2O3 is normally formed as a consequence of oxidation of nascent iron with oxygen in the environment
or free oxygen in lubricants. Therefore, the interaction between silicate lubricants with the iron oxide
surface will be discussed in the next chapters.

4.7.

Conclusions

FPMD simulations and DFT calculations have been conducted to study the adsorption and
depolymerization of sodium sorosilicate (Na6Si2O7) on Fe (110) surface. The comparisons of adsorption
processes and electronic structure of some selected configurations at different temperatures have provided
detailed insights into the bond nature of the tribology system, the effect of the iron surface as well as
temperature on the adhesion of silicate lubricant. The findings in the present study can be summarized as
follows:
(i)

Silicate lubricant adheres to the Fe (110) surface through multiple Si-O-Fe linkages. The iron
surface has a significant effect on the strength of Si-O bonds in the Si-O-Fe linkages. In
particular, Fe can drain electrons from NBOs, leading to a decrease in Si-NBO bond strength.
Therefore, NBOs are much easier to be dissociated to create free oxygens in the tribofilm. That
in turn, may reduce the anti-oxidation ability of the tribofilm. In addition, the charge transfer
from silicate lubricant to the iron surface will modify the net charge of the surface to negative.
The result suggested that an electrostatic field can be created on the surface and attracts alkali
ions.

(ii) Temperature plays a crucial role in the depolymerization of the lubricant. At low temperature,
the Si-NBO bond breaking requires the impacts of both the iron surface and the formation of the
second BO. At high temperatures, however, only the influence of iron surface is needed. Notably,
at 1500 K, the silicate lubricant can be decomposed into small fragments. The decomposition of
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silicate lubricant at high temperatures can reduce the stability of the tribofilm. Hence, the friction
reduction, as well as the anti-wear performance of the lubricant, can be affected negatively.
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Chapter 5. Mechanism of sodium-rich tribofilm on friction
reduction of silicate lubricant3
5.1.

Introduction

Our previous study has shown that the adsorption of silicate lubricant on a nascent iron surface can cause
the dissociation of the none-bridging oxygens, creating free oxygens in the tribofilm, which could strongly
affect the tribological properties and anti-oxidation ability of the lubricant. In addition, the iron surface is
inevitably oxidized at high temperatures. Therefore, it is crucial to understand the friction reduction
mechanism of the tribofilm formed by the interaction of the lubricant with iron oxide surfaces. More
important, experimental studies have shown that alkali elements play an important role in the tribological
performance of glass lubricant under extremely high pressure and temperature in metal forming. The
formation of a Na-rich tribofilm layer is believed to deliver a great contribution to the friction-reduction as
well as wear-protection properties

75, 101, 307

of the silicate lubricant on iron oxide surface during sliding

contacts. Therefore, it is important to understand the role of the alkali element in the friction reduction
mechanism of the silicate glass on an iron oxide surface.
Although experimental studies have provided numerous evidences about the significance of alkali elements
in the role of friction reduction of silicate lubricant, a clear understanding of the observation is still not
available. There are still a number of open questions to be unveiled, such as what is the mechanism that
drives the low friction and wear of the sodium-rich layer tribofilm? Can the sodium alone provide a good
lubricating performance? or what are its effects on the anti-oxidation properties of the steel surface and
more? In order to provide a physical explanation for these experimental observations, it is crucial to
understand the effect of the sodium tribofilm layer on frictional properties and its mechanism at the atomic
level. Although there is a limited number of experimental and theoretical works on the influence of alkali
metal doping on different surfaces of iron oxide,314 detailed investigations on the adsorption of alkali
elements on the Fe2O3 (0001) surface is still lacking. Currently, it is still unclear how sodium adsorption

*The content of this chapter has been published in the Journal of Applied Physics:
Nam V. Tran, Anh K. Tieu, Hongtao Zhu, Huong T. T. Ta, Ha M. Le, Thi D. Ta, An ab initio study on the effects of Na passivation
on friction reduction of an iron oxide surface, J. Appl. Phys. 2020, 127, 065305.
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may alter the structural and electronic properties of the iron oxide surface and to what degree this
phenomenon is related to the reduction of friction and wear. One effective practice to investigate friction at
an atomic scale is to perform potential energy surface (PES) calculations.

116, 315, 316

This simulation

procedure has been successfully applied to predict frictional properties for a wide range of systems, from
2D materials such as graphene 123 to passivated surfaces like sulfur adsorbing on Fe (110). 116
In this work, a systematic theoretical study based on Density Functional Theory (DFT) of frictional
behaviors of Na passivated Fe2O3 (0001) surface is reported. The idea is inspired by the experimental results
indicating that the sodium in the molten glass is attracted by the oxide surface. 75, 79, 91 As a result, sodium
is drained from the glass lubricant and absorbs on the surface, creating a sodium-rich film that covers the
outermost layer of the steel substrate. Therefore, the current study only focuses on the effect of the sodiumrich layer on friction reduction. However, there are other elements of the glass that involve and affect the
properties of the Na-rich layer. They not only influence the formation of the sodium layer but also can react
and cause a structural modification of the metal oxide surface. To tackle the roles of those elements, a
different methodology to simulate a whole glass structure interacting with the metal oxide surface at high
temperatures is necessary. Therefore, the roles of these elements including Si and O will be discussed in
the next chapter. Nevertheless, the currently obtained results on Na-passivated surface will improve our
understanding of its role within the glass lubricant and provided helpful data for the design and development
of alkali glass-based lubricants.
In this chapter, we clarify the most stable adsorption configuration of the sodium on the surface and
calculate the adsorption-induced modifications in the electronic structure of the surface. The comparison
of the potential energy surface of pure and Na adsorbed Fe2O3 (0001) surface allows us to identify the most
notable trend and the impact of the metal passivation on the friction reduction. Particularly, we found that
the adsorption of Na on the iron oxide surface can eliminate the formation of interlayer covalent bonds and
cause a depletion of the charge density difference at the sliding contact. As a consequence, it leads to a
collapse of PES and reduces friction. In addition, sodium passivated surface has a specific mechanism to
minimize the charge redistribution at the interface by dispersing the charge transfer out of the interface.

5.2.

Computational Details

DFT simulations were performed using the Quantum Espresso package 317, 318 to optimize and calculate the
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energy as well as electronic structures of various iron oxide systems. The electron exchange and correlation
effects were calculated using the generalized gradient approximation (GGA) of Perdew−Burke−Ernzerhof
exchange and correlation functional.270, 271 The ultrasoft pseudopotentials method was used to represent the
interactions between valence electrons and ionic cores,319 and the electronic wave functions were expanded
in a plane-wave basis with a kinetic energy cut-off energy of 50 Ry for wavefunctions and 400 Ry for
charge density. The k-point mesh was constructed using the Monkhorst–Pack (MP) algorithm,320 and a
Gaussian broadening with a smearing width of 0.01 Ry. A k-point mesh of 3 × 3 × 1 was used for the
integration of the Brillouin during ionic optimizations, while a denser grid of 5 × 5 × 1 was applied for
electronic structure calculations. The convergence criteria of 10−6 Ry for the self-consistent electronic loop
and 10−5 Ry for ionic relaxation were applied for all calculations. Previous studies have shown that
including van der Waals correction will yield more accurate results in the electronic structures, groundstate properties of metallic surfaces,321 and transition metal oxides.322 Therefore, a semi-empirical van der
Waals correction obtained by Grimme 323, 324 was also included in all of our simulations.

Figure 5-1. Top view of the optimized structure of Fe2O3 (0001) surface. Only the three topmost atomic
layers are shown. Grey and red balls represent iron and oxygen atoms, respectively. The grid used to
calculate the PES of two oxide slabs in relative motion is represented by the dashed lines. Each grid point
represents the position of the iron atom belonging to the 2×2 supercell of the upper surface (not shown)
within the supercell of the lower slab.
As a prototype system to study the nanoscale frictional model, we considered two slabs of Fe2O3 (0001) in
a dry contact. The selected direction is based on previous publications, which indicate Fe2O3 (0001) surface
with Fe–O3–Fe termination is the most thermodynamically stable surface morphology of Fe2O3.

277, 325

The slabs were modeled by a periodic supercell of 2 × 2 in-plane size as shown in Figure 5-1. Each slab
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contains 9 atomic layers, which is thick enough to obtain accurate electronic properties while retaining
computational efficiency. 326 A vacuum region of 15 Å has been added along the z-direction to prevent the
interaction between the periodic images. The ionic positions of each slab are pre-relaxed for further
calculations, except for those belonging to the three atomic layers of the slabs.
PES caused by the displacement of the upper slab above the lower one was generated using a scanning
process. A mesh grid of different relative lateral positions of the two slabs was used to determine the system
energy. 137 Particularly, we examined 49 symmetry positions (the 7 × 7 grid is shown in Figure 5-1), which
can be obtained by shifting the upper slab along a and b directions to create sample points for the calculation
of system energy. The atoms of the top slab were relaxed in the z-direction every time the slab move to a
new position, while the x and y coordinates were fixed during the scanning process. 119, 130, 327 Meanwhile,
the atoms of the three bottom layers of the lower slab were fixed at the bulk structure. PES was then derived
from the system energy using the lowest system energy as the reference (That corresponds to the shift in
the lowest energy of the PES to zero).
𝐸ÄÅÄ = (𝐸oÆo − 𝐸oÆoN@Bd )/𝐴

(5.1)

where 𝐸oÆo is the total energy of the simulation system with two slabs in contact with each other, 𝐸oÆoN@Bd
represents the lowest energy of the system,
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and 𝐴 is the area of the surface. The cubic spline

interpolation was then applied to reﬁne this grid (generate more grid points) and created a smooth PES.
Another important quality in tribological modeling is the binding energy of two layers, which is defined as:
𝐸ÉBdÊ = (𝐸oÆo − 2𝐸ÄBdËÌK )/𝐴

(5.2)

where 𝐸ÄBdËÌK is the energy of a separated layer. The binding energy is used to evaluate the work required
to separate a single layer from a substrate, 116, 119, 328 thus, providing the essential information to understand
the binding strength between the two surfaces.
In order to investigate the influence of sodium passivation on friction, PES, and binding energy of Fe2O3
slabs with Na passivated were also determined. First, we considered the adsorption energy for different
adsorption sites of sodium on the iron oxide surface. The adsorption energy was calculated by subtracting
the total energy of the interaction system to the energy of the separated surface and sodium atoms. We then
normalized the adsorption energy by the total number of adatom in the system. 329
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𝐸ÍÊ = (𝐸oÆo − 𝐸ÄÎQÏ − 𝑛𝐸ÍÊÍoÆ@ )/𝑛

(5.3)

where 𝐸ÄÎQÏ is the energy of the iron oxide surface, 𝑛 and 𝐸ÍÊÍoÆ@ are the number of sodium atoms and its
energy, respectively. To compare with the shearing of the pure Fe2O3 surface, the PES of the Na passivated
surface was also calculated using the most stable adsorption configuration of sodium. The process is similar
to that for the pure Fe2O3 slab, as mentioned previously.

5.3.

Adsorption of Sodium on Fe2O3 (0001) Surface

To find the most stable adsorption position of sodium on the iron oxide surface, we consider a supercell of
(2 × 2). The adatom is placed on five different high-symmetry sites (Figure 5-2), a structure relaxation is
then performed on these initial configurations. The energy comparison indicates that the sodium atom
prefers to adsorb on the hollow position (HL) of the Fe2O3 (0001), where it can bind to three oxygen atoms
of the substrate (Table 5-1). It should be noted that when the initial absorption locations of sodium are on
top of the oxygen atom (OB), top of the lower oxygen atom (OL), and bridge between top O and Fe atoms
(OB), the sodium atom will be relaxed to the nearest hollow position (HL) leading to the similar absorption
energies. As a consequence, the absorption of sodium atom on the Fe2O3 (0001) surface will be favorable
on the hollow sites (HL). The hollow position allows the sodium atom to obtain the highest coordination
number with the oxygen atoms compared to other different adsorption sites. The adsorption distance
between sodium and the oxygen atom of the surface is 2.3 - 2.4 Å (Na-Na distance is 2.9 Å), which is
similar to a typical O-Na bonding distance in sodium silicate or phosphate glass. 330, 331 We are not aware
of any previous modelling work regarding the adsorption of sodium on the Fe2O3 (0001) surface.
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Figure 5-2. Absorption positions of sodium atom on the Fe2O3 (0001) surface: On top of Fe atom (FeT), on
top of the oxygen atom (OT), on hollow of Fe atom (HL), on top of the lower oxygen atom (OL) and bridge
between top O and Fe atoms (OB).
Table 5-1. Absolute absorption energy of sodium on the Fe2O3
(0001) surface at different locations. The higher value, the
more favorable the absorption site.
Site

HL

FeT

Ead

3.06 eV

1.84 eV

It is also worth mentioning that in ambient conditions such as room temperature and high humidity, the
hematite (0001) surface will be expected to be hydroxylated. However, at the working condition of glassy
lubricants in hot metal forming, the temperature can reach 1173 K or above, the surface can be
dehydroxylated and excessive water will be evaporated.

332

In fact, the thermal decomposition has been

used for a long time to treat the surface of a metal oxide such as iron oxide 333-335 or aluminum oxide 336.
Therefore, the hydroxylated hematite (0001) surface is not considered in the present report.

5.4.

Frictional Behaviours of Iron Oxide Surface

Before investigating the effect of sodium passivation on the friction of the iron oxide surface, the PES,
binding energy, corrugation energy as well as the electronic structure of two sliding pure iron oxide surfaces
were first calculated to create a reference. The information is also very useful since it provides us with the
knowledge about the factors that lead to a high friction of the iron oxide surface. As a consequence, those
factors can provide us with options to control the friction of the oxide surface.
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Figure 5-3. PES as a function of relative displacement of the two oxide layers in the x and y directions (a),
the black and red solid line marks the minimum and maximum energy pathways. The dashed line represents
a unit cell. Geometric arrangement for the most important stacking configurations (maximum (b) and
minimum (c) energy) in the PES of clean oxide surfaces, the bottom pictures (d, e) show side view of the
corresponding structure, respectively. Only the three topmost atomic layers of the lower slab and three
bottom layers of the upper slab are shown in the top view images.
Figure 5-3a shows the three-dimensional PES and its contour plot of the Fe2O3 system. The maximum and
minimum energy values are marked, and their corresponding configurations are shown in Figure 5-3b and
c. In general, the PES indicates that the sliding energy profiles of the iron oxide surfaces can be
characterized by two different minima (labeled as Min1 and Min2) with relatively similar energies and a
maximum (labeled as Max). The PES reaches its maximum energy at 63.5 meV/Å2 when the iron atoms on
the upper slab are on the top of the Fe atoms of the bottom slab (Figure 5-3b). Meanwhile, at the minimum
energy of the PES, the iron atoms are located just above the center of the triangle, which is formed by the
three adjacent O atoms of the lower slab (Figure 5-3c). When sliding from the maximum to the minimum
energy configuration, the binding energy of the two layers increases from 99.3 meV/ Å2 to 162.9 meV/ Å2
(Table 5-2). The increasing binding energy is related to the strong interaction of the two layers at the
minimum energy configurations. For this stacking, the Fe atoms are allowed to form multiple Fe-O bonds
between the two layers. Because of the strong interaction between the upper iron atoms and lower oxygen
atoms, the interlayer distance (d) in the minimum energy configuration (1.27 Å) is much smaller than that
of the maximum one (1.88 Å). The decline of interlayer distance at the minimum energy configuration
could give rise to strong Fe-O covalent bonds between the two layers. The calculated Fe-O bond length
between two layers indicates that the Fe-O bond length is 1.89 Å, which is slightly smaller than that of the
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bulk system (1.97 Å). Therefore, the high binding energy of the two Fe2O3 layers at the stable stacking
could be due to the formation of the Fe-O covalent bonds, which in turn suggests a high sliding resistance
in this system.
Table 5-2. Comparison of system energy corrugation ∆𝐸 (Emax − Emin), averaged static lateral force |𝐹|,
shear strength 𝜏 , binding energy |𝐸ÉBdÊ | and charge redistribution 𝜌QKÊBÄo for the clean and sodium
passivated iron oxide surfaces. The notation in the bracket indicates the sliding pathway or the stacking
configuration.
|𝐹|
Systems
Fe2O3

Na-Fe2O3

𝜏

𝜌QKÊBÄo

|𝐸ÉBdÊ |
2

(meV/Å )

(meV/Å)

(×10-1 GPa)

(×10-4 e/ Å)

74.4 (P1)

60.0 (P1)

40.0 (Min2)

162.9 (Min2)

46.2.0 (P2)

37.2 (P2)

22.9 (Max)

99.3 (Max)

11.6 (P1)

10.7 (P1)

14.6 (Min)

100.8 (Min)

4.9 (P2)

4.2 (P2)

20.0 (Max)

81.5 (Max)

∆𝐸
(meV/Å2)
63.5

19.4

*P1 and P2 indicate the maximum and minimum energy pathways, respectively. Max and Min denote the
maximum and minimum energy stacking configurations.
The mutual interaction between the two surfaces will lead to a redistribution of electronic charge at their
interface. Those charge redistributions allow us to understand the fundamental mechanism of adhesion or
friction at the microscopic scale.121, 337, 338 It has been proven that the charge redistribution at the stable
stacking configuration of two sliding surfaces has a linear relationship with their friction.

116

The charge

density difference is obtained by subtracting the electronic charge of the interface to that of the two
separated surfaces: ∆𝜌(𝑟) = 𝜌ÄÅÄ (𝑟) − [𝜌oÆÐ (𝑟) + 𝜌ÉÆo (𝑟)]. As shown in Figure 5-4, the main source of
the charge reconstruction comes from the electron depletion and accumulation between the top layer Fe
atom and O atom of the bottom layer and vice versa. The terminated oxygen and iron atoms on the surface
area, therefore, are more chemically active due to their ability to donate and receive electrons, respectively.
The calculated PDOS in Figure 5-5 shows that the O 2p states of the bottom layer strongly overlap with the
Fe 3d states of the top layers. By contrast, the maximum stacking configuration shows a much smaller
charge redistribution. To quantify this charge density redistribution, we integrate the absolute value of the
planar average ρdiff (Figure 5-4) of the charge density difference at the interface region.116
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(5.4)

The data in Table 5-2 indicates that the charge redistribution of the minimum configuration is quite high,
i.e., almost double that of the maximum configuration. The result is consistent with the calculated bond
lengths as well as the binding energy of the two Fe2O3 surfaces, which indicates the strong Fe-O covalent
bonds between the two slabs.

Figure 5-4. (a) Charge density difference for the least (top) and most (bottom) stable stacking conﬁgurations
of the two clean surfaces in contact. The yellow and cyan represent the positive (electron accumulation)
and negative (electron depletion) regions, respectively (isosurfaces are 0.005 e/Å3). (b) Planar average of
the electronic charge displacements occurring upon the stacking of two iron oxide surfaces. Blue and red
colors are used for the charge displacements calculated respectively for the least and most favorable lateral
positions.

Figure 5-5. PDOS for oxygen and iron atom at the interface of the minimum energy configuration of two
pure Fe2O3 (0001) surfaces.
The most energetically favorable and unfavorable sliding pathways are presented in Figure 5-3a and Figure
5-6. The barrier energy for sliding along the minimum energy pathway (P2) is 32.4 meV/Å2, which is haft
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of that long the maximum one (P1, 63.5 meV/Å2). The maximum lateral force F experienced by the upper
slab during the sliding along the two pathways (P1 or P2) is calculated based on the derivative of along the
potential profile. 113
𝐹 = 𝑚𝑎𝑥|𝜕𝐸É /𝜕𝑟|

(5.5)

where ∆𝐸É and ∆𝑟 are the barrier energy and the sliding displacement along the maximum and minimum
energy pathways. The calculated maxium lateral force in Table 5-2 shows that sliding along the pathway
P2 has a lateral force of 46.2 meV/Å, which is 28.2 meV/Å lower than along the maximum energy pathway
(P1), indicating that the friction could rise more than 61.5 % along the path P1. Another important merit
that is often used by scientists to quantify the friction of two sliding surfaces is the corrugation energy ΔE.
The quality is measured by the difference between the maximum and minimum of the PES, which is equal
to the highest peak of the PES in our case since we have shifted the minimum value to zero. This value is
crucial since it estimates the maximum amount of energy per atom that might be dissipated by frictional
processes. It has been proven that reducing the corrugation energy ΔE by surface passivation using lubricant
additives could lead to a reduction of friction in several systems. 108 The calculated corrugation energy (63.5
meV/Å2) of two sliding Fe2O3 slabs (Table 5-2) is very high, making it hard to switch from a stable position
to an unstable position, which suggests high friction. For the purpose of comparison, the corrugation energy
of graphene, which provides superlubricity, is 1.41 meV/atom approximately.
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Therefore, surface

treatment is necessary in this case to reduce friction. In the next section, we will examine the effect of
sodium passivation on the tribological properties of the iron oxide surface.

Figure 5-6. Variation of the system energies with the sliding displacement along the maximum (P1) and
minimum (P2) energy pathways marked in Figure 5-3a.
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5.5.

Effects of Sodium Passivation on Tribological Properties

The chemical and physical behaviors of the iron oxide surface at an atomic scale can be modified by the
passivation of alkali atoms. Similar to macroscopic roughness, surface modification can greatly influence
the frictional properties of the system. In order to understand the influence of sodium passivation on the
frictional properties, we examine the change in the morphology of PES. According to previous experimental
studies of sodium glass lubricants at high temperature and pressure, the tribofilm shows a thick layer of
sodium on top of the iron oxide layer. 75, 307 The results suggested that sodium adsorbs on the oxide surface
at a high concentration and prevent direct contact between two sliding oxide surfaces. In this study, there
are two hollow sites per unit cell corresponding to two sodium coverages. In the low coverage case (50%),
only one hollow site is occupied by sodium; meanwhile, both sites are adsorbed by sodium in the case of
high coverage (100%). We have tested the stability for both cases and found that the adsorption is more
stable at lower coverage. However, at a lower concentration of sodium, we did not find any reduction in
the friction. Therefore, in this study, we only focus on the high coverage of sodium atoms (100%) on the
Fe2O3 surface, as shown in Figure 5-7.

Figure 5-7. Adsorption conﬁguration sodium on Fe2O3 (0001) surface in a top-view representation.
The contour plot of the PES for the Na passivated Fe2O3 (0001) surface is shown in Figure 5-8a. A similar
color representation scale with the case of pure iron oxide surface is used for the purpose of comparison.
By comparing with Figure 5-3a, the shape of PES undergoes a significant change when the surface is
passivated by sodium atoms. It can be found that the sliding energy profile of the Na-passivated Fe2O3 layer
is characterized by only one minimum (labeled as Min) and a maximum (labeled as Max) compared to two
minima in the case of the pure iron oxide surface. The highest energy stacking configuration of pure iron
oxide surfaces now turns into the lowest energy configuration as shown in Figure 5-8a. Meanwhile, the
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maximum energy stacking occurs when the sodium atoms of the upper slab are just above the sodium atom
on the lower slab (see Figure 5-8b). Furthermore, the PES becomes much flatter compared with that of the
pure surface, indicating a significant reduction of the energy corrugation (Figure 5-8a). It is predictable that
the energy required to break Fe-O interlayer covalent bonds between clean oxide surfaces is much higher
than that for the Na-Na electrostatic interactions when the substrates are passivated. The calculated binding
energy (Table 5-2) at the stable stacking configuration is 108 meV/Å2, which is almost half of the value
obtained from the pure oxide surfaces (162.9 meV/Å2). It is worth mentioning that the smooth PES indicates
the vanishing of energy dissipation by phonons,315 and the higher is the energy dissipation, the stronger the
adhesive bonding between two sliding surfaces. Thus the minimization of the energy dissipation will reduce
friction.339, 340 Although there should be other mechanisms, a number of publications have pointed out that
the phonons dissipation can play an important role in the dissipating energy process. 338, 341, 342

Figure 5-8. PES as a function of relative displacement of the two passivated substrates (a), the black and
red solid line mark the minimum and maximum energy pathways respectively, the dashed line represents a
unit cell. Geometric arrangement for the most important stacking configurations (maximum (c) and
minimum (d)) in the PES of the Na-passivated surfaces, the bottom pictures (d,e) show the side view of the
corresponding structures, respectively. Only the three topmost atomic layers of the lower slab and three
bottom layers of the upper slab are shown in the top view images.
The interlayer distance also experiences a significant change when the surface is passivated by sodium
atoms. The result mainly comes from the Coulombic force between the upper sodium atoms with the lower
ones. The adsorption of sodium on Fe2O3 surface replaces the strong Fe-O covalent bonds by a weak
electrostatic interaction between the two sodium layers. Since sodium or alkali atoms, in general, are
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positively charged, the repulsive interactions between them will force the two surfaces to move further,
leading to a wide gap between them. As a consequence, the adsorption of sodium can reduce the direct
surface-surface contact when sliding. In addition, the weaker electrostatic interaction compared with the
covalent bond allows the two surfaces to adjust their interlayer distance more flexibly. As shown in Figure
5-8d and Figure 5-8e, the interlayer distances at the maxima (3.23 Å) and the minima (2.22 Å) of the
passivated iron oxide surfaces are ~1.7 times longer than those of the clean Fe2O3. Therefore, the reduction
of interlayer distance when sliding from the maximum to the minimum energy configurations is also more
significant in this case. As the interlayer distance is always kept at a high value, the adsorption of sodium
not only lowers friction but also wear by preventing direct contact between the two sliding steel surfaces.

Figure 5-9. (a) Charge density difference for the least (top) and the most (bottom) favorable stacking
conﬁgurations of the two passivated surfaces in contact. The yellow and cyan represent the positive
(electron accumulation) and negative (electron depletion) regions, respectively (isosurfaces are 0.001 e/Å3).
(b) Planar average of the electronic charge displacements occurring upon the stacking of two iron oxide
surfaces. Blue and red colors are used for the charge displacements calculated respectively for the least and
the most favorable lateral positions. It is noted that the isosurfaces value used in this figure is five times
smaller than that of Figure 5-4.
The variation of the charge density redistribution during the sliding of the top layer is shown in Figure 5-9a
and b, which indicate that they are strongly affected by the adsorption of sodium atoms on the surface. For
instance, when sliding from the maximum to the minimum energy configurations, the sodium passivated
surface shows a significant reduction in the charge distribution compared to that of the clean surface (Figure
5-4a and b). Isosurfaces of the charge density indicate that the interaction between two sodium passivated
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surfaces is smaller than that of iron oxide surfaces only. The peaks of the planar averaged charge density
difference at the maximum, and minimum energy configurations (Figure 5-9b) of the sodium passivated
system are respectively 1.3 and 4.7 times smaller than that of the pure iron oxide surface (Figure 5-4b). The
quantitative values of the charge redistribution at the interface calculated using equation 6.4 are shown in
Table 5-2. The charge redistribution of the minimum configuration is significantly reduced from 40.0 ×104

e/Å to 14.6 ×10-4 e/Å when the surfaces are covered by sodium atoms. Meanwhile, the maximum structure

experiences a smaller decrease in the charge redistribution (from 22.9 ×10-4 e/Å to 20.0 ×10-4 e/Å). It is
worth mentioning that the charge redistribution of the sodium passivated surfaces is strongly located outside
the interface (Figure 5-9b), especially at the maximum energy configuration. Therefore, the charge density
difference at the interface remains at low values. The result suggests that less energy is needed to
redistribute the charge when two sodium passivated surfaces slide against each other.
As mentioned in the previous section, the charge accumulation and depletion at the Fe2O3-Fe2O3 interface
derives from the strong covalent interaction between Fe and O atoms of the two surfaces. However, the
adsorption of sodium on the iron oxide surfaces screens those direct interactions and prevents the charge
transfers from the oxide layers in contact towards the interface. As a result, the charge density difference is
declined in the case of passivated surface. Our result is in agreement with the previous study indicated that
the charge redistribution at the interface has a positive correlation with corrugation energy as well as
friction.116

Figure 5-10. Variation of the system energies with the sliding displacement along the maximum (P1) and
minimum (P2) energy pathways marked in Figure 5-8a.
The evolution of the energies and averaged lateral forces with the displacement along the two sliding
pathways (minimum and maximum energy pathways) are shown in Figure 5-10 and Table 5-2, respectively.
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A remarkable notice is that the energy barriers for moving along the maximum and minimum energy
pathways are significantly lower compared with those of pure oxide surfaces. Particularly, the maximum
energy pathway peaks at 19.4 meV/Å2 while the minimum one only reaches 3.1 meV/Å2 (Figure 5-10),
which are respectively 3.3 and 10.5 times smaller than those of the non-passivated surface. Another notable
point is that the sodium passivated surface needs a longer sliding distance to reach its peaks when moving
along the maximum (2.90 Å) and minimum (1.30 Å) energy pathways compared to that of the nonpassivated surface (1.72 and 1.32 Å). The result is due to the change in the surface topology by the Na
adsorption, which in turn modifies the PES. In this study, the quantitative shear strength along a specific
direction is derived by dividing the averaged lateral friction to the contact area.113
𝜏 = 𝐹/𝐴

(5.6)

where 𝐹 is the averaged lateral friction and 𝐴 is the surface area in the xy-plane. The average static lateral
force is calculated by using the aforementioned method by Zhong and Tomanek.113 The smaller barrier
energy and longer sliding distance of the passivated surface lead to a significant reduction of the shear
strength along the chosen direction.
The calculated shear strength for two different pathways is shown in Table 5-2. In comparison with the
clean iron oxide surface, sodium passivation helps to reduce the shear strength by 10 and 6 times along the
minimum and maximum energy pathways, respectively. As mentioned in the previous section, the
maximum amount of energy per atom that might be dissipated by frictional processes is the corrugation
energy, which measures the energy difference between the minimum and the maximum of the PES. Our
calculation indicates that the corrugation energy is lowered by approximately 3.3 times when the oxide
surface is passivated by sodium (from 63.5 meV/Å2 to 19.4 meV/Å2). The increasing interlayer distance as
well as the lowering of corrugation energy, suggesting that the sodium element released by glass lubricants
can reduce the adhesion between two surfaces in contact. The result is in good agreement with previous
experimental studies by Wang at el. indicated that an Na rich layer tribofilm formed on top of steel surface
is the main reason leading to friction reduction of sodium metal silicate lubricant at 920 °C and above. 90, 91
In addition, Tran at al.79 also proved that sodium atoms in the borate glass play a crucial role in friction
reduction. By comparing the lubrication performance of B2O3 and Na2O-B2O3, they showed that the friction
coefficient of the latter compound is five to six times lower than that of the former one. Furthermore, the
wear can be reduced by nine times when the sodium element is added. Those results are consistent with the
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findings from our calculation. Although the tendency found in our simulation is similar to what has been
found in the experimental studies, it is worth mentioning that glass lubricating systems are the complex
ones. In addition, under the harsh working condition of high temperature and pressure, the lubricant can be
very chemically active and react with the oxide surface. As a result, other factors such as effects of pressure,
temperature, shear, and the surface roughness due to chemical reactions with other elements of the lubricant
should be considered wherever possible in tribological simulation models. The roles of those factors will
be discussed in our future work.

5.6.

Effects of Load on Tribological Properties

To study the influence of pressure on the interfacial interaction and friction, the evolution of the corrugation
energy, as well as the charge redistribution under different loads, have been examined. Starting with the
maximum and minimum configurations of the clean and passivated systems obtained in sections 5.4 and
5.5, the freedom in the x-, y-, and z-direction of the three topmost layers being constrained when the
relaxations are performed with several separation distances. In all calculations, the upper slab is shifted by
0.1 Å every step along the z-direction. Finally, the data is made finer using the spline interpolation. The
normal pressure, σN, is obtained by calculating the normal load, 𝐹Ö = −𝜕𝐸/𝜕𝑧, then divided by the contact
area of the interface A.
Error! Reference source not found.a illustrates the evolution of the corrugation energy as well as the
interlayer distance under pressure from 0 to 5 GPa. An increasing load will result in a rise in the corrugation
energy (from 63.6 to 65.4 meV/Å2) for the iron oxide surface. However, passivating the surface by sodium
reduces the corrugation energy (the corrugation energy ranges varies from 19.4 to 33.7 meV/Å2 for the
same pressure range). It is worth mentioning that the lower corrugation energy of the passivated surface
compared to that of the clean one at high pressures demonstrates the high efficiency of the sodium tribofilm
layer even under harsh working conditions.
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Figure 5-11. (a) Variation of the system energy corrugation with load for clean (black) and passivated (red)
systems. (b) Dependence of interlayer distance with load for the maximum and minimum configurations.
The solid and dash lines represent the pure iron oxide and sodium passivated surfaces, respectively. The
circle symbol indicates the maximum configuration, while the square sign marks the minimum one.
The interlayer distance of the passivated system is more sensitive to pressure compared to that of the clean
surface. This effect becomes clear when the system is at the lowest energy configuration. As shown in
Error! Reference source not found.b, the interlayer distance of the passivated system is reduced from
2.22 to 1.84 Å (0.38 Å) at the minimum configuration when the pressure increases from 1 to 5 GPa.
Meanwhile, the non-passivated oxide surface shows almost no change in the interlayer distance for the
same pressure range. The reason is due to the electrostatic interaction between the sodium layers. This weak
and long-range interaction allows the two sodium layers to flexibly alter their bond lengths compared to the
covalent bonds in the case of the iron oxide surface. However, the interlayer distances of the Na-passivated
systems are still much higher than those of the clean surfaces thanks to the repulsive force between two
positively charged layers of sodium. Wang et al.123 have found that the smaller interlayer distance may lead
to a larger variation of the dispersion energy and vice versa. In addition, there is a positive correlation
between the corrugation energy and the variation of the dispersion energy. As a consequence, the relatively
small variation of dispersion energy due to the large interlayer distance in the sodium passivated surface
may contribute to the low system corrugation energy and consequently reduced friction at high pressure.
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Figure 5-12. Planar average of the electronic density difference for the stable and unstable stacking
conﬁgurations of the clean (a) and the passivated surface (b) under a load of 5 GPa. Blue and red colors are
used for the charge displacements calculated at the unstable and stable lateral positions, respectively.
To gain further insight into the effects of pressure on the PES corrugations, the behavior of charge density
for the pressure-driven structures is examined. Figure 5-12a shows that the pure Fe2O3 system exhibits a
small change in the charge density difference when the pressure increases to 5 GPa (compared with the
case of no load in Figure 5-4b), especially for the stable stacking configuration. Particularly, the integration
of the planar averaged charge difference indicates that the charge at the interface increases slightly from
22.9 ×10-4 e/Å to 27.9 ×10-4 e/Å for the maximum energy configuration. Meanwhile, there is almost no
modification of the charge density at the minimum energy stacking (39.6 ×10-4 e/Å). This is due to the fact
that the clean oxide surface only needs a small amount of displacement to reach the desired pressure (0.23
Å and 0.36 Å for the minimum and maximum energy configurations), which leads to a trivial change in the
interlayer distance (Error! Reference source not found.b) as well as the charge density difference.
Interestingly, the charge density difference of passivated systems (Figure 5-12b) also shows a minimal
change at high pressure (5 GPa), although the variation of the interlayer distance is more significant
compared with that of the pure oxide surface. The integration of the planar averaged charge difference
indicates that the charge at the interface only increases slightly from 14.6 ×10-4 e/Å and 20.0 ×10-4 e/Å to
15.1 and 21.7 ×10-4 e/Å for the minimum and maximum energy configurations. Unlike the case of the pure
oxide surface, where the small modification of the charge redistribution is due to the minimal change in the
interlayer distance, the larger interlayer variation of the passivated surface suggests there should be a
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mechanism to minimize the charge redistribution. The remarkable point is that most of the charge
redistribution of the Na-passivated surface is mainly located at the region right above or below the interface
where the sodium layers interact with the iron oxide substrates (Figure 5-9 and Figure 5-12). Figure 5-9
and Figure 5-12b shows that the main peak of the planar averaged charge difference of the minimum
configuration is slightly shrunk and expanded into both sides of the interface. This mechanism might help
the passivated surface to minimize the charge redistribution at the interface region when the interlayer
distance is strongly reduced.

Figure 5-13. Bader charges analysis of the pure (a) and passivated (b) iron oxide surface before (left) and
after (right) the compression at 5 GPa.
To further quantify the charge transfer, the Bader analysis has been performed to estimate the point charge
of each atom at the sliding interface. The results are displayed in Figure 5-13 and Table 5-3. The calculated
charge of Fe atoms on the pure iron oxide surface is +1.50 e (Figure 5-13a, left) which is significantly
smaller than that of the bulk structure (~ +1.70 e). This is due to the fact that Fe atoms on the surface have
fewer bonds with the surrounding oxygen. Therefore, they donate less electrons compared with the Fe atoms
in the bulk. On the contrary, the oxygen atoms at the lower layer receive fewer electrons and have a point
charge of -1.05 e (compared to that of -1.08 e in the bulk structure). When the two pure iron oxide surfaces
are brought into contact at high pressure (5 GPa), the Fe-O bond formation leads to a mutual charge transfer
between the two layers (Figure 5-13a, right). Generally, the Fe atoms at the interface donate their electron
to the oxygen atoms of the opposite layer, causing their net charge to increase from +1.50 e up to +1.58 e.
Meanwhile, the net charge of the oxygen atoms is reduced by 0.08~0.09 e due to the donated electron from
Fe. This result indicates a large amount of charge reconstruction has occurred at the interface of the system.
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When sodium atoms are adsorbed on the surface, they transfer their electron to the lower atomic layers. As
shown in Figure 5-13b (left), the net charge of Fe and O atoms are reduced significantly from +1.50 and 1.05 e to +0.79 and -1.21 e, respectively. In contrast to the case of Fe atoms in the pure iron oxide surface,
the Na atoms at the passivated interface show a smaller amount of charge variation, as illustrated in Figure
5-13b (right). However, there is a remarkable charge accumulation at the lower Fe atomic layer.
Particularly, the charge of Fe atoms in this layer is reduced from +0.79 e to a low value of +0.70 e, while
the O layer below slightly loses its electron. As shown in Table 5-3, the Fe atom at the interface of the pure
surface loses 0.055 e per atom on average when they are brought into contact at high pressure. Meanwhile,
when the surface is passivated by Na, the charge of these interface atoms only varies by 0.001 e. At the
same time, the Fe layer below and above the sodium layer experienced a significant averaged charge
accumulation of 0.082 e per atom. The result confirmed our explanation that sodium passivation will create
a padding layer which can reduce the charge reconstruction at the interface.
Table 5-3. Bader charge transfer of Fe, O, and Na atom at the interface
after the two surfaces are bought into contact at high pressure (5 GPa). A
positive value means electron loss and vice versa. The unit is e/atom.

5.7.

Systems

Fe-surface

O-surface

Fe2O3

+0.055

-0.035

Na-Fe2O3

-0.082

+0.014

Na

-0.001

Conclusions

DFT calculations have been performed to construct the potential energy surface (PES) of two iron oxide
surfaces in contact as a function of the lateral sliding of the upper slab relative to the lower one. The shear
strength, interfacial interactions, static lateral friction, and corrugation energy are quantitatively calculated
and analyzed. The maximum and minimum energy pathways are also derived from the PES. In addition,
the stability and friction of the sodium passivated Fe2O3 (0001) surfaces in different configurations are
systematically studied and compared with those of the clean oxide surfaces. The key findings are
summarized below:
(i) The high shear strength and lateral friction of the iron oxide surface are caused by the formation
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of the Fe-O covalent bonds for some lateral arrangements. Those bonds lead to a large corrugation
of the PES as well as a small interlayer distance between the two layers. The calculated charge
density difference shows that a large amount of charge is redistributed at the interface because of
the formation of the Fe-O bonds between the two layers when the top layer slide from unstable to
stable configurations. The result suggests that a huge amount of energy is needed to reconstruct
the electron distribution.
(ii) Sodium atoms have a tendency to adsorb on the hollow position of the Fe2O3 (0001) surface. The
adsorption of sodium at high coverage greatly reduces the shear strength and lateral friction of the
passivated surfaces by significantly collapsing the PES. Due to the adsorbed Na layers, the
formation of the Fe-O bonds between the two layers is eliminated, and the interlayer distance of
the two passivated surfaces is maintained at a high value. The charge density difference at the
interface shows a minor change when the top layer moves from unstable to stable stacking.
(iii) The interlayer distance between the two sodium passivated surfaces is more vulnerable to the
external load than that of the pure surface, but it still remains at a high value. Therefore, the
passivation of sodium can retain the low friction even at high pressure.
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Chapter 6. Tribochemistry of Sliding Iron Oxide Surfaces
Lubricated by Sodium Silicate Glasses4
6.1.

Introduction

In the previous sections, the mechanics of how silicate glass lubricant can adhere and react to the iron/iron
oxide surfaces have been investigated. In addition, the role of sodium passivation on the friction reduction
mechanism of the iron oxide surface has been explained. However, the studies did not consider the
combined effects of high temperature, high loads as well as the dynamic of atoms during the sliding. In
addition, the high friction reduction and anti-wear performance of the silicate glasses could be originated
from their flexible structures under the introduction of alkali elements. In the real system, alkali elements
should work together with other elements in the glass network to deliver the high tribological performance
of silicate lubricant. Those effects could not be investigated by using sodium silicate cluster model or by
calculating the potential energy surface of the sodium passivated system. In this chapter, therefore,
computational simulation of silicate glass interacting with iron oxide under the influence of elevated
temperature, high load, and sliding was carried on to study the tribochemical reaction under extreme
conditions.
The structure of silicate glasses is constructed by the SiO4 tetrahedra linked together by the corner-sharing
oxygen to form a continuous random network.343-348 The introduction of alkali cations will break Si-O
bonds, which results in the existence of non-bridging oxygen (NBO). Therefore, the physical and chemical
properties of an alkali glass can differ significantly from the original host glass by insert one or more types
of cations with different concentrations. This impact is conspicuous for mobility-related properties such as
ionic diffusion, electrical conductivity, chemical durability, dielectric relaxation, internal friction, and
viscosity.346, 349-352 As a result, the tribological properties of silicate glass lubricants can be altered by
modifying the concentration or using different alkali cation. Furthermore, the interaction of the surfaces
with the glass lubricants or other molecules in the working environment can induce chemical modifications
of the surfaces leading to a dramatic change in the adhesion and friction.101, 353 Despite many such studies,

*The content of this chapter has been published in the journal of Applied Surface Science:
Nam V. Tran, A. Kiet Tieu, Hongtao Zhu, Huong T.T. Ta, Pham T. Sang, Ha M. Le, Thi D. Ta, Insights into the Tribochemistry of
Sliding Iron Oxide Surfaces Lubricated by Sodium Silicate Glasses: An ab initio Molecular Dynamics Study, Appl. Surf. Sci. 2020,
528, 14700.
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the detailed mechanism of high lubricating performance, as well as the physical and chemical properties of
alkali silicates in harsh conditions such as high temperature and loading, is not fully resolved. The current
understanding of the atomic mechanisms of the low friction is restricted by the difficulty in monitoring the
hidden sliding surfaces. In practice, direct in-situ access by experiments at high temperatures and pressure
is extraordinarily challenging. Therefore, simulations at an atomic level will unlock the mechanics of the
contact at the interfaces.
Computationally, a number of simulation techniques have been used to investigate the structural properties
of glass lubricants as well as their interaction with metal surfaces, including classical molecular dynamics
(MD),259, 354, 355 density functional theory (DFT),101 and ab initio molecular dynamics (AIMD).99, 160, 356-358
Classical MD is a popular method used to simulate tribological systems due to its ability to deal with a large
number of atoms.359 However, the conventional molecular dynamics are not capable to simulate the
chemical reaction which is essential to understand the formation of tribofilm at the sliding contact. Recently,
the development of reactive molecular dynamics has opened a new way to simulate the tribochemical of
shearing interfaces. Although the method offers a very useful tool for studying the correlation between
tribochemical reactions and friction, the limitation of reliable reactive force fields for the glassy compound
restricts its application in this area. Therefore, ab initio molecular dynamics (AIMD) has become an
appropriate technique to investigate chemical reactions with unknown mechanism,263 but only a few AIMD
studies of tribological systems under shearing contact have been published, and none of them are related to
glassy lubricants and harsh condition (high temperature and pressure). For instance, Righi et al. studied the
tribological properties of diamond-like carbon surfaces lubricated by water.162 Mosey et al. studied the
interaction of aldehydes under sliding contact with the (0001) surfaces of α-Alumina.164 Moreover, the use
of AIMD methods is rather limited not only due to the significant demand in the computational resource
but also the requirement to modify the conventional simulation codes to perform the sliding simulation.
In the present work, we investigate the tribochemical reactions of sodium silicate lubricant with Fe2O3
(0001) surface under shearing at high temperature and pressure. In addition, the intriguing role of sodium
cation in modifying the silicate glass network as well as their tribological properties are examined. The
main objective is to understand the mechanism that drives the tribofilm formation of silicate glass lubricant
and the change of its tribological properties with different concentrations of sodium in the glass matrix, at
an atomic level. By using both DFT and AIMD simulations, we are able to investigate the interaction of the
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iron oxide surface with the sodium silicate lubricant at high temperature, pressure, and shear. Particularly,
our AIMD simulations will allow us to monitor the interaction processes in real-time. On the other hand,
DFT calculations will provide an in-depth analysis of the electronic structure of the amorphous alkali
silicate. The new finding will shed light on the unknown lubrication mechanism as well as the anti-wear
performance of the glass on the metal surface. The outcome of the simulations is relevant in the
understanding of the working mechanism of the real interface at the atomic level and to provide an insight
into basics characteristics, i.e., the role of the pressure, temperature, and sliding in the tribochemical
reaction activation. Although the current study focuses on the tribological application of the amorphous
sodium silicate, the work is of great importance not only to the understanding of tribological properties of
sodium silicate but also to provide useful information about the electronic and structural alterations of the
glass for metal forming at high temperature.

6.2.

Computational Details

The FPMD and DFT simulations were performed using the Quantum-Espresso (QE) software package.317,
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The generalized gradient approximation (GGA) of Perdew−Burke−Ernzerhof has been used to calculate

exchange and correlation energy.270, 271 The core states were represented by ultrasoft pseudopotentials.319
Due to the large size of the simulation cell, integrations over the Brillouin zone were sampled at the Γ point
only during the FPMD simulations while the better Monkhorst−Pack grids were used in static DFT
calculations. The plane-wave expansion of the electron wave function was truncated by setting 40 Ry for
the cut-off energy and 240 Ry for the cut-off charge density, respectively. The molecular dynamics
simulations were performed within the Car-Parrinello formalism 263 using a time step of 5.0 a.u (0.125 fs).
The temperature is controlled using the Nose-Hoover thermostat with an oscillation frequency of 30 THz
in all of our FPMD simulations. The fictitious electronic mass was set to 700 a.u, which is based on previous
studies. 360-362 The DFT+D scheme proposed by Grimme was used to take into account of van der Waals
(vdW) interactions.324 A convergence criteria of 10−6 Ry was applied for the self-consistent electronic loop.
Meanwhile, the ionic relaxation will be stopped if the energy difference between two ionic steps smaller
than 10−5 Ry.
6.2.1.

Preparation of the Ion Oxide Substrate

To properly incorporate an isotropic amorphous silicate layer on an iron oxide surface, a Fe-terminated
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(0001) Fe2O3 slab was constructed, which contained nine atomic layers using an orthorhombic cell, with
the a and b dimensions of 17 Å and 15 Å, respectively. The Fe-terminated (0001) Fe2O3 slab was chosen
because it is the most thermodynamically stable surface of iron oxide.277, 325 The slab thickness was chosen
based on the work by Huang et al., indicated that a thickness of nine atomic layers is sufficient to describe
the structural properties and electronic structures of the Fe2O3 surface properly.326 A 20 Å layer of vacuum
was added on top of the surface to avoid the interactions between the images of the simulation cell.
Meanwhile, the three most bottom atomic layers of the surface were fixed to mimic the bulk region in the
relaxation processes.
6.2.2.

Preparation of the Sodium Silicate Glasses

The structure of sodium silicate glasses (𝑥Na2O-(1-𝑥)SiO2 with 𝑥=0.33, 0.50) is modified by changing the
concentration of the Na2O content in the system. To create those amorphous structures, a conventional melt
and quench technique has been used.363 Atoms were first placed randomly into an orthorhombic cell that
had the same a and b dimensions as those of the Fe2O3 surface mentioned above, and the height of the cell
was adjusted that the mass density was ∼15% larger than that produced by the experiment.364 This
procedure aims to account for the expansion of the glass structure during the melt and quench process as
described by Aykol et al. 267 The correct c-dimension of the supercell was then obtained by equilibrating
the system within the NPT ensemble after finishing the melting and quenching process. Since the a and b
dimensions are equal to those of the oxide slab, this procedure guarantees that any subsequent amorphous
film obtained from the melt and quench process did not develop artificial strains when transferred onto the
Fe2O3 surface.
During the melt and quench process, the supercells were melted by virtually heating to 5000 K within the
NVT ensemble. The final melt configuration was subjected to a cooling process at a rate of 2.67×1013 K.s1

to obtain the amorphous structures. The cooling rate was based on the previous report of Xueling Lei et

al.,

365

working on the same glass structure. Their structural parameters such as lattice constants, bond

lengths, and angles agree well with experimental data. After that, we adapted the procedure introduced by
Mosey et al. to compress the system at high temperatures.164 Particularly, the amorphous structures were
equilibrated for an additional 6 ps at the desired temperature, T, and pressure, P, by allowing the thickness
of the systems (z-dimension) to change (NPT). The step allows us to obtain the correct size of the cell at
different conditions (pressure and temperature) after the cooling process. Finally, we fixed the height of the
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system and performed an additional FPMD simulation for 3.6 ps within the NVT ensemble for further
statistical analysis of the obtained glasses. One simulation was set to the pressure of 0 GPa and the
temperatures of 300 K; and another one at 1 GPa and 1361 K, which represent the room and working
conditions of sodium silicate glasses in hot metal forming.15 By using the procedure, we obtain a mass
density of 2.57 and 2.65 g/cm3 for the system containing 33.3 and 50.0% of Na2O at 300 K, respectively.
The values of the mass densities, as well as their dependence on the Na2O concentration, are in good
agreement with experimental data.364, 366
6.2.3.

Preparation of Fe2O3-Sodium Silicate Confined Models

The tribology system was simulated using the models of two Fe-terminated (0001) Fe2O3 slabs separated
by a layer of sodium silicate glass as shown in Figure 6-1. To construct the confined models, we adopted
the procedure described by Aykol et al. 267 Whereby, the amorphous structure was cleaved and transferred
on to the Fe2O3 surface. The amorphous film was then equilibrated for 2.5 ps before transferring onto the
iron oxide substrate. This process provides an effective relaxation and reconstruction of the film. An
additional 2.5 ps of equilibrium was performed after the amorphous film was transferred onto the substrate.

Figure 6-1. Fe2O3-sodium silicate confined model. Blue (Si), red (O), yellow (Na), and brown (Fe). The
color assignment is applied through this work.
Similar to the preparation process of the sodium silicate glasses, the obtained structures were compressed
to the pressure of 1 GPa at temperatures of 1361 K by allowing the thickness of the systems (c-dimension)
to change (NPT) as mentioned above. Finally, the height of the system was fixed, and an additional FPMD
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simulation (6 ps) with the NVT ensemble was performed for further statistical analysis of the obtained
structures.
6.2.4.

Sliding of Fe2O3-Sodium Silicate Confined Tribological System

To simulate the sliding motion, we take the confined models that were already compressed to the desire
condition in section 6.2.3 as the initial structure. Then, we introduced a constant velocity (sliding speed) on
Fe2O3 substrate by modifying the QE code. In particular, we fixed the 𝑦 and 𝑧 coordination components of
the atoms belonging to the topmost three atomic layers of upper substrates as shown in Figure 6-1. After
that, the 𝑥 component was altered at each MD step as 𝑥dKÙ = 𝑥ÐQKÚBÆÎÄ + 𝑣 ∗ ∆𝑡, with ∆𝑡 is the timestep.
As a consequence, the top three layers were moved along the 𝑥-direction with a velocity 𝑣. It is worth
mentioning that we fixed the thickness of the system after the compression, not the pressure. The pressure,
therefore, can fluctuate during the shearing. We found that this condition is suitable to investigate the
tribochemical reactions since in this atomic scale, the pressure of the system can reach a very high.10
In this work, we applied a sliding speed (𝑣) of 1 Å/ps along the 𝑥-direction for the three top atomic layers
of substrates, and each simulation was performed for 10 ps (equal to 80000 steps). Meanwhile, the position
of the three bottom atomic layers of the lower substrate was fixed. Due to the high complexity and the
expensive computational cost, we did not take into account the effects of larger-scale features, such as steric
effects due to the roughness and grain boundaries, but we focused on chemical reactions mimicking the
local reactive sites of the Fe2O3 (0001) surface. It is also worth mentioning that our simulation includes a
large number of atoms (up to 339 atoms), and running AIMD for such a large system is extremely
computationally demanding. Therefore, we only performed the sliding simulation for the working condition
of 1361 K and 1 GPa. The evolution of temperature during the sliding simulation can be seen in Figure 6-2.
It can be found that the temperature of the system was controlled to fluctuate around the chosen temperature
(1361 K) due to the introduction of the Nose-Hoover thermostat.
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Figure 6-2. Evolution of temperature during the sliding simulation for the SiO2.50%Na2O (a) and
SiO2.33%Na2O (b) systems.

6.3.

Effects of Na content on silicate glass structures

In this section, we compare the structural information of the sodium silicate glass at room temperature
(300K and 0 GPa) and the hot metal forming condition (1361 K and 1 GPa). The difference in the structural
information link to the lubrication performance of the glass lubricant under harsh working conditions.

Figure 6-3. Partial radial pair distribution function (RDF) for amorphous sodium silicate simulated at room
(blue line) and hot metal forming (red line) condition. Figures a and c are the RDFs for Na-O and Si-O
bonds calculated with the SiO2.50%Na2O glass, while Figures b and d with the SiO2.33%Na2O glass. The
dot lines represent the integration of RDFs.
Firstly, we calculated the radial distribution function (RDF), g(r), for the two different concentrations of
Na2O in sodium silicate glass. Figure 6-3 shows the partial g(r) as a function of radius (r) for the Na-O and
Si-O bonds. Specifically, the partial Na-O RDF is broadened and peaks at a radius of 2.39 Å. There is no
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significant change in the first nearest Na-O separation when the concentration of Na2O increases from 33.3
to 50.0 %. Meanwhile, the Si-O RDF shows its first sharp peak at 1.63 Å, which reflects the average Si-O
bond length. It is worth mentioning that the first Si-O RDF peak is slightly smeared when the concentration
of Na2O is reduced. The phenomena could be due to the difference in the bond length between the nonbridging and bridging oxygen with Si atoms. Reducing the concentration of Na2O will leads to an increase
in the Si-O bridging bonds and vice versa (Table 6-1). In the system containing 50 % of Na2O, 67% of SiO bonds are Si-NBO. The integration of the partial Na–O RDF (Figure 6-3a and b) indicates five O atoms
are surrounding each Na cation. Meanwhile, the Si atoms are bound with four O atoms (Figure 6-3c and d),
reflecting the SiO4 tetrahedral units in the silicate glass. These RDF distributions are in good agreement
with those obtained from neutron diffractions as well as theoretical studies. 355, 358, 365, 367-369 Those studies
revealed two sharp peaks at a radius of 1.6 Å and a broad peak at a radius of 2.4 Å which are associated
with the nearest Si-O and Na–O separation, respectively. In addition, the measured coordination numbers
of four for Si atoms and five for Na are also consistent with our calculation. The calculated RDFs of the
two systems, when exposed to extreme conditions of hot metal forming, are shown as red lines in Figure
6-3. Although the coordination numbers of the Si and Na do not change, the intensity of each partial RDF
is reduced, and the peaks become more broadened indicating the bond length has fluctuated over a wider
range. It is an intuition that the increase of pressure will limit the thermal fluctuation of the bond length in
the glass structure. However, under the condition of the metal forming, the bond length fluctuation still
increases as we raise the pressure. The result suggests that at this condition, the structural properties of the
silicate glass lubricant are dominated by the effect of temperature rather than pressure.
Table 6-1. Diffusion coefficient of Na+ ion and the ratio of non-bridging oxygen from the
amorphous sodium silicates under the condition of hot metal forming (1361 K and 1 GPa).

System
Diffusion coefficient (cm2s-1)

SiO2.50%Na2O

SiO2.33%Na2O

2.982 × 10-05

2.044 × 10-05

67%

38%

NBO concentration

The mobility of Na atoms has been examined by calculating the diffusion coefficient through fitting the
mean square displacement (MSD) as shown in Figure 6-4 and Table 6-1. The diffusion at the room condition
is very low, indicated by relatively flat lines of the MSD (Figure 6-4c and d). The diffusivity of all samples
has increased significantly under the hash working condition. Particularly, the calculated diffusion
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coefficient increases to 2.982 × 10-5 and 2.044 × 10-5 (cm2s-1) for the systems of 50.0 % and 33.3 % of Na2O,
respectively. Our calculated diffusion coefficient for the system of 33.3 % Na2O is closed to the fitted value
obtained from Lei et al.365 It is worth mentioning that reducing sodium concentration will decrease the
diffusion coefficient. A similar tendency is also found in the case of lithium and some other alkali glasses,370,
371

in which the diffusivity decreases as the concentration of the network modifier (Li, Ca, and Na) is

reduced. A possible explanation is due to the improvement of the network connectivity in the glasses.
Generally, decreasing the concentration of network modifiers will amplify the polymerization level, which
leads to a tightener of the glassy network. As a result, the dense glass network could limit the mobility of
the alkali atoms. The temperature and pressure dependence of the diffusion coefficient of sodium in alkaline
silicate glass has been investigated in a number of studies. 366, 372 Generally, the diffusion will increase with
the rise of temperature. By contrast, the mobility of sodium will be reduced when the system is exposed to
high pressure. In this study, even though both the temperature and pressure are increased to the condition
of hot metal forming (1 GPa and 1361 K), the diffusion coefficient is still increased significantly. The result
suggested that the influence of temperature is more dominant compared to that of pressure in this condition.
The finding is consistent with the report of Fumiya Noritake and Katsuyuki Kawamura 372 which indicated
that the diffusion coefficient only experienced a small change when the pressure increased from 0 to 1 GPa
at the same temperature.

Figure 6-4. Mean square displacement (MSD) of Na (green), O (red), and Si (black) ions in silicate glass.
(a) and (c) are calculated from the SiO2.50%Na2O glass under the hot metal forming and room conditions,
respectively. Meanwhile, (b) and (d) are obtained from the SiO2.33%Na2O glass.
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The level of polymerization can be quantified by measuring the number of NBO in the systems. As shown
in Table 6-1, the ratio of NBO decreases from 67 % to 38 % when the proportion of Na2O is reduced from
50.0 % to 33.3 %, suggesting higher network connectivity. As a consequence, lowering the concentration
of Na2O affects the frictional behaviors of glassy lubricants in several ways. Firstly, the smaller diffusion
coefficient and the lower concentration of Na will reduce the ability to form a Na-rich tribofilm, which is
believed to play a crucial role in the friction reduction of glass lubricants.66, 75, 79 Secondly, the improvement
of the glass network connectivity will lead to a higher viscosity and could increase the internal friction in
the glass lubricants.373, 374

6.4.

Tribochemical reaction of sodium silicate glass with the iron oxide
surface at high temperature and pressure

In this section, the reaction mechanisms of silicate glass with the iron oxide surface at high temperature and
pressure have been examined. Figure 6-5 shows the snapshots taken for the systems of the iron oxide surface
with SiO2.50%Na2O and SiO2.33%Na2O glasses interacting with the Fe2O3 (0001) substrate. Generally, the
simulation indicates that the glass prefers to form covalent bonds between non-bridging oxygen with the
iron atoms (Fe) of the iron oxide surface, such as NBO-Fe. Silicon atoms can also form direct bonds with
the oxygen atoms of the surface (Os), such as Si-Os. The formation of those Si-Os bonds is the result of the
SiO3 clusters trying to maintain their four coordination numbers. Those clusters cannot find any nearby
NBO to maintain the Si coordination number. Therefore, they bind to the Os of the iron oxide surface to
fulfill the fourth coordination number. The result suggests that the silicate glass lubricant can chemically
react with the iron oxide surface to create a compound of Fe, Si and O. The observation is consistent with
experimental studies indicates that silicate glass can react with steel surface forming a eutectic mixture
Fe2SiO4,15 MnFe2O4,91 or Na5FeO4.86 It is also worth mentioning that under the condition of high
temperature and pressure, the iron atoms on iron oxide surface tend to move inward into the surface. The
reason is that the Fe atoms on the surface only have three covalent bonds with the oxygen atoms underneath.
To retain their local octahedral structure of the bulk behavior, Fe atoms on the surface are reconstructed by
moving inward, which allows them to form covalent bonds with other oxygen atoms. However, this
tendency is reversed when the Fe atoms bind to the NBO of the glass lubricant. As shown in Figure 6-5,
the iron atoms on the surface are kept on top of the surface after the bond with NBO is formed.
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Figure 6-5. Evolution of the Si−O bond lengths and different snapshots taken during the AIMD simulation
at 1361 K and 1 GPa. (a) and (b) illustrate the polymerization and dissociation of the SiO2.50%Na2O system,
respectively. (c) shows the bond exchange in the SiO2.33%Na2O glass network. (d) and (e) demonstrate the
reaction schemes for the depolymerization and polymerization, respectively.
During the simulation at high temperature and pressure (1361 K and 1 GPa), we observe a continuous
process of polymerization and depolymerization in the glass lubricant. Figure 6-5 illustrates the three typical
reactions occurring during the simulation. The result indicates that temperature and pressure play the key
roles in driving the bond formation and dissociation in the silicate glass. The polymerization of two glass
fragments not only creates a longer chain but also results in a free oxygen atom in the network (the process
is illustrated in Figure 6-5a and Scheme 1). As shown in Figure 6-5a the SiO4 cluster immediately eliminates
one of its NBO when it bonds to a nearby NBO of another glass fragment to create a longer chain. The free
oxygen atom is absorbed onto the Fe atom of the iron oxide surface. In contrast, the depolymerization
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process often results in a Si atom with three coordination numbers (Figure 6-5b and c and Scheme 2), the
Si atom has a strong tendency to form a covalent bond with a nearby oxygen atom to fulfill its most stable
tetrahedral structure. As a consequence, the depolymerization step is often followed by a polymerization
process. As shown in Figure 6-5c as long as the Si-Ob (r1) is dissociated, the SiO3 cluster forms a bond with
a NBO (r2) to complete the stable tetrahedral structure (SiO4). However, there is a case where the Si cannot
find any NBO in the glass network to form the last Si-O covalent bond. The Si atom, therefore, bonds to
the oxygen atom of the oxide surface Os as shown in Figure 6-5b, in which the dissociated SiO3 cluster
moves and covalently attaches to the oxide surface. Particularly, one of the Si-Ob bonds (r1) is dissociated
at 3.3 ps to create a SiO3 fragment. The SiO3 cluster is then moving around in the glass lubricant without
bonding to any NBO during the next 0.8 ps. After 4.1 ps the SiO3 fragment diffuses to the iron oxide surface,
and the Si atom forms a covalent bond with a surface oxygen atom. The result suggested that the
depolymerization of the glass network may create active sites that form covalent bonds with the iron oxide
surface and strengthen the adhesion of the lubricant to the metal oxide surface.

Figure 6-6. Snapshots and the averaged density profiles of sodium atoms. (a) SiO2.50%Na2O and (b)
SiO2.33%Na2O systems.
Figure 6-6a and b show the averaged density profile of sodium atoms. In both systems, we observe the
tendency of sodium atoms to diffuse toward the iron oxide surface. The concentration of sodium near the
iron oxide surface reaches 2.8 atoms for the SiO2.50%Na2O system. Reducing the ratio of Na2O from 50%
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to 33.3% will only lead to a small change in the aggregation of sodium at the interface as indicated by a
small depletion in the density profile (from 2.8 atoms to 2.4 atoms). However, the peak in the middle of the
density profile disappears in the case of SiO2.33%Na2O (Figure 6-6b). The result indicates that most of the
Na atoms migrate out of the glass network to adsorb onto the iron oxide surface. Therefore, the
polymerization process is expected to be more pronounced in the middle of the glass lubricant, creating a
high connectivity network as shown in Figure 6-6b. Figure 6-7 shows the evolution of the ratio of NBO of
the silicate glass, where we can clearly see that the NBO ratio confined between two iron oxide layers
fluctuates more frequently and in a wider range compared to that of the pure glass models. The result
suggests that the glass lubricant becomes more chemically active under the appearance of an iron oxide
surface, so their Si-O and Fe-O bonds are formed and dissociated during the simulation. In addition, the
ratio of NBO in the system confined between iron oxide layers is lower than that of pure glass lubricants
only. The lower NBO concentration implies that the glass lubricant has a higher silicate network
connectivity. The result is consistent with our observation as well as from experimental data that the sodium
atoms are migrated from the glass network to absorb onto the iron oxide surface.75, 79, 90 As a role of network
modifier, the withdrawal of sodium will lead to a polymerization process as well as an increase in network
connectivity. Moreover, the NBO at the lubricant-metal interface can form a covalent bond with the iron
atom on the iron oxide surface and reduce the number of NBO. As mentioned in the previous section, the
high network connectivity may lead to a larger viscosity. As a consequence, we expect a significant increase
in the internal friction for a sodium silicate glass lubricant with a lower sodium concentration since most of
the Na atoms is drained out from the network in this case.

Figure 6-7. Evolution of the NBO proportion of SiO2.50%Na2O and SiO2.33%Na2O glasses during the
AIMD simulations at 1361 K and 1 GPa. The blue and red lines are obtained from pure glasses with 50%
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and 33% Na2O, respectively. The green and black lines are calculated when the same glasses interact the
iron oxide surface.
Table 6-2. Bader charge analysis for the snapshot showed in Figure
6-5a. Fe and O atoms belong to the iron oxide surface, while Na ions
are in the glass lubricant layer.

Averaged charge

Fe

Na

Os

+1.73 e

+0.88 e

-1.01 e

The aggregation of sodium on the surface could be driven by two factors. The first one is the high diffusivity
of the sodium atom in the glass network. As discussed in the previous section, the mobility of Na ions in
the glass network at a high temperature is very high, which allows these ions to diffuse quickly onto the
metal-lubricant interface. However, the high diffusivity is not enough to gather the sodium atoms at the
interface, and the atoms would quickly bounce back from the interface and do not stay there. Therefore, a
second factor, which is the high affinity of iron oxide surface with the sodium cations, is necessary for the
aggregation of those atoms. Since Na atoms do not form any covalent bond, the electrostatic interactions
between iron oxide surface and Na+ ions play the main role in this process. To justify our argument, Bader
charge calculations have been performed. The result in Table 6-2 shows that the oxygen atoms on the
surface have a negative charge (-1.01 e) meanwhile the averaged positive charge of sodium ions is (+0.88
e). As a consequence, the electrostatic attraction between those positive and negative ions will trap the
sodium atoms at the interfaces. Figure 6-8 illustrates the trajectories of two typical Na+ ions in the
SiO2.50%Na2O glass network. The first trajectory (blue line) shows the Na+ atom, which is already
adsorbed on the interface. The atom is trapped and can only move around on the iron oxide surface. The
second trajectory (purple) showing the Na+ ion in the middle of the glass network, which is attracted by the
negative charge oxygen of iron oxide surface and moves towards it. The atom is then trapped and moving
locally, similar to the first trajectory. As mentioned previously, the iron atoms on the surface tend to move
inward the surface. The reconstruction of the Fe2O3 surface in this harsh working condition will make the
surface terminated by oxygen rather than the Fe atoms. The phenomena will lead to a more negative charged
surface and attract positively charged ions like Na+. A similar mechanism has been observed in several
lubricants and surfaces. For example, Xiangyu Ge et al.375 found that the Li+ ions in LiPF6 lubricant could
be adsorbed onto Si3N4 surfaces due to the electrostatic attraction. The adsorption of Li+ ions leads to the
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formation of a hydration layer and the generation of hydration repulsion, which in turn reduces the friction
significantly. Jinjin Li et al.375, 376 investigated the shear stress of ethylene glycol. They proposed that the
Si3N4/SiO2 surface attached by hydrogen ions can attract counter-ions to neutralize the charge and form an
elastohydrodynamic (EHD) film between two sliding surfaces to lower the friction coefficient. Base the
simulations in this thesis, it is believed that the mechanism for the low friction of sodium silicate at a high
temperature is similar to the model of Jinjin and Xiangyu. 375-377 In particular, the charge of the surface is
balanced by the alkaline ions that form a layer at the sliding contact and reduce the friction.377

Figure 6-8. Calculated Na+ ion transport trajectories in the metasilicate lubricant. The blue line illustrates
the trajectory of the sodium atom which is close to the surface (initial distance 2.2 Å). Meanwhile, the
purple line shows a sodium atom moving from the middle of the glass lubricant to adsorb onto the iron
surface.

6.5.

Effect of sliding on the interaction of sodium silicate glass with the iron
oxide surface

An important feature of lubricants is a good adhesion property. Lubricant not only needs to provide a good
friction reduction but is also required to adsorb well on the sliding surface. In that way, they can form a
tribofilm to protect the surface. Otherwise, the sliding of two solid surfaces can lead to an increase in wear
and friction over time. Therefore, it is important to determine the adhesion property to investigate the
performance of glass lubricants. To explain the adhesion effect of sodium silicate glass on the iron oxide
surface, we investigated the Si atoms near the top surface by averaging their displacements from the initial
position along the sliding direction. We chose Si atoms because they are the network formers that connect
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other atoms in the glass. The higher average displacement demonstrates better adhesion behavior. Figure
6-9 indicates that sodium silicate glass lubricant with 50% Na2O adheres better to iron oxide surface
compared to that of the lower 33% Na2O proportion. Particularly, the Si atoms of the high sodium
concentration gradually move along the x-direction together with the shearing of the iron oxide layer. By
contrast, the lubricant with 33.3% Na2O shows a nearly zero displacement during the first 3 ps. However,
the movement increase during the last 7 ps of the simulation. The increasing displacement could be due to
the fact that some of the glass fragments are broken from the glass network during sliding and absorb onto
the surface. In general, this result suggests that silicate lubricants with a higher concentration of Na could
provide a better friction reduction compared to the lower one since the lubricant can stick on the metal
surface and works as a protective layer.

Figure 6-9. Evolution of the average displacement (from their initial positions) of the Si atoms near the top
surface from their initial positions during the AIMD simulation (red and blue lines are obtained from the
SiO2.50%Na2O and SiO2.33%Na2O systems, respectively).

Figure 6-10. Illustration of the effect of sodium concentration on the interaction between glass lubricant
and iron oxide surface.
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There are three possible reasons leading to the lower adhesion properties of the SiO2.33%Na2O system.
Firstly, the reduction of sodium will promote polymerization and reduce the number of NBO. Since NBO
in the silicate glass could form covalent bonds with iron atoms on the iron oxide surface, they make up a
major contribution to the adhesion ability of the glass lubricant. As a result, the higher polymerization, as
well as the lower number of NBO in the case of SiO2.33%Na2O, will reduce the NBO-Fe bonds (Figure
6-10) and in turn lower the adhesion property. Figure 6-11 clearly shows that the number of bonds between
the lubricant and the iron oxide surface is significantly reduced for the low sodium concentration glass.
Secondly, the reduction of the Na content will reduce the electrostatic interaction between the oxide surface
and the glass network due to the lack of sodium at the interface (Figure 6-10). As mentioned previously,
the sodium-rich layer works as a lubricating layer thanks to the nature of their electrostatic interaction. Each
sodium atom has a weak interaction with many surrounding oxygens due to its high coordination number.
The weak interaction between each individual pair of atoms makes them slide easily. On the other hand,
the sodium layer on the oxide surface could also work as a positively charged slab that glues the negatively
charged layer of the iron oxide surface and the oxygen atoms of the glass network. Because each individual
electrostatic attraction would be too weak to be effective in the face of thermal motions, a large amount of
sodium is needed so that their energies can accumulate to a sufficiently high force. In that way, the sodiumrich layer can help to keep the glass lubricant on the oxide surface while working as a lubricating layer at
the same time. The third reason could be due to the high polymerization and viscosity in the glass network.
As discussed in the previous section, the high affinity of the terminated oxygen on the oxide surface toward
sodium will drain the alkali atoms from the glass network. In the case of the SiO2.33%Na2O system, most
of the Na atoms are attracted to the oxide surface, leading to very high network connectivity and viscosity.
As a result, the glass network becomes more difficult to be deformed during shearing and tends to stay as
a condensed network without sticking on the oxide surface. As shown in Figure 6-9 (blue line) the glass
lubricant does not adhere to the top surface during the first 3 ps. The displacement only increases after 3 ps
when the sliding results in the network deformation, and some glass fragments form covalent bonds with
the iron oxide surface.
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Figure 6-11. Number of bonds between the glass lubricants and the iron oxide surface during the AIMD
simulation (blue and red lines are obtained from the SiO2.50%Na2O and SiO2.33%Na2O system,
respectively).
Compared to the static model, the reaction during the sliding process is more complicated, as indicated by
a larger number of bond dissociation/formation involved. Another notable reaction during the sliding
process is the dissociation of the NBO-Fe or Si-Os bonds between the lubricant and the oxide surface,
which occurs very often during the sliding. As shown in Figure 6-12a there are three bonds involved in the
reaction, the bond r1 is dissociated at 0.3 ps, and the terminated Fe atom is then available to form another
covalent bond with different NBO in the glass network. The sliding process not only causes the dissociation
of the NBO-Fe bonds but also leads to the depolymerization in the glass network. The result is due to the
fact that some parts of the glass network stick better to the iron oxide surface. The delay of the movement
of two different parts of the glass will cause the breaking of Si-Ob bonds (r2 in Figure 6-12a). The r2 bond
is broken at 0.7 ps, creating a SiO3 cluster. The SiO3 fragment will then fulfill its tetrahedral structure by
forming the r3 bond at 1.2 ps. In this example, the glass fragment still sticks onto the oxide surface by
another NBO-Fe bond. However, the glass lubricant can be completely peeled off from the iron oxide
surface, as illustrated in Figure 6-12b. After the bond with Fe is dissociated, the glass fragment moves back
to the lubricant layer. The Fe atoms that do not reform a covalent bond with the glass network then move
inward into the oxide layer. As mentioned in the previous section, the Si atoms in the lubricant can also
form covalent bonds with the Os atoms of the oxide surface. However, one of the most notable things during
the sliding simulation is that those bonds experienced a continuous bond formation and dissociation when
the surface moves. Therefore, the Si atoms can continuously exchange their covalent bond to different Os
atoms during the shearing, which was not observed in the case without sliding. As shown in Figure 6-12c,
During the sliding, the Si atom changes its covalent bond with the iron oxide surface from r2 to r1.
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Figure 6-12. Evolution of the Si−O bond lengths and different snapshots taken during the AIMD simulation.
(a), (b), and (c) illustrate the bonding exchange observed with the SiO2.50%Na2O system. (d) and (e) show
the surface reaction with the SiO2.33%Na2O glass network. Sodium has been removed for better
visualization.
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As mentioned previously in section 6.4, the SiO2.33%Na2O system shows a high level of network
connectivity. The sliding surface can break the Si-O bonds to create a new NBO as well as SiO3 clusters
that can bond with the oxide surface. The process is illustrated in Figure 6-12d, at 2.6 ps the r1 bond is
broken, creating a SiO3 fragment that freely moves to the iron oxide surface. Therefore, the fragment is
allowed to make two covalent bonds with the oxide layer, one is the O-Fe, and the other is Si-Os. In this
case, we also observe that the oxygen atom of the surface is pulled out from the surface. The result indicates
that the formation of the Si-Os covalent bond combines with sliding of the metal surface could reduce the
antiwear property of the lubricant. As already stated earlier, the shearing causes the bond exchange of the
NBO-Fe or Si-Os bonds between the lubricant and the oxide surface, which is not observed when the system
is static. In this case, the glass network continuously forms and terminates its bonds with the oxide surface
during the shearing process. Interestingly, the lower is sodium concentration, the more pronounced bonding
exchange becomes, which is indicated by a larger number of bond dissociation and formation at the same
time. The result could be because of the high network connectivity, as well as the high viscosity of this
system, which makes it difficult to deform the glass network. Therefore, the system prefers to break its
bonds with iron oxide layers. The bond exchange in Figure 6-12e involves four covalent bonds in the
process. This example once again indicates the high complexity of reaction during the sliding compared to
the one without shear. As the surface moves to the right, it causes the two bonds r1 and r3 to be broken.
The terminated Fe is then available to form two new r2 and r4 bonds. In this case, we can easily see that
the NBO changes its bond from r1 to r3 when the surface moves to a new position.
To compare the bond exchange process between the high (SiO2.50%Na2O) and lower (SiO2.33%Na2O)
sodium lubricants, we evaluate the bond dissociation rate for every MD steps during the sliding. All the OFe and Si-Os bonds between the lubricant and iron oxide surface are tracked and counted. Those bonds are
considered to be broken when the distance between two atoms is larger than a cut-off bond distance of 2.1
Å, which is based on our calculated radial pair distribution function and the experimental radial distribution
analysis of Fe2O3–SiO2.378 The values are then normalized to the total number of bonds between the glass
lubricant and the iron oxide surface to obtain the bond dissociation rate. Finally, we do the accumulative
summary of the obtained value for every MD step. A similar process has been carried out for the bond
formation rate. The result shown in Figure 6-13a indicates that the rate of bond dissociation of the lower
sodium lubricant is more pronounced compared to that of the higher one. Particularly, the rate of
dissociation increase from 0 to |−40| in the case SiO2.50%Na2O while the SiO2.33%Na2O system raises to
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|−60| . Meanwhile, the bond formation rate increases to 40 and 45 for the SiO2.50%Na2O and
SiO2.33%Na2O systems, respectively. According to the data, we can see that the system with a higher bond
dissociation rate will also have a larger bond formation rate. As a consequence, the change in the total
number of bond with iron oxide surface is minimal. The result is consistent with our previous calculated
total number of surface-lubricant bonds, which shows that they fluctuate around a mean value (Figure 6-11).
However, there is a noticeable difference between the SiO2.50%Na2O and SiO2.33%Na2O system, which
is the bond dissociation rate is higher than the bond formation for the lower concentration of sodium
lubricant. As shown in Figure 6-13a the dissociation rate reaches |−60| while the formation rate only gets
to 50. The result indicates that some of the broken bonds in the SiO2.33%Na2O system are not reformed,
and the lubricant totally lose those bonds with the iron oxide surface. Meanwhile, the bond dissociation and
formation rate of the bond inside the lubricant (Figure 6-13b) are fairly symmetrical, which indicates that
the two processes occur at the same rate. In addition, the reaction rate inside the lubricant is much lower
compared to that of the lubricant-oxide interface. Therefore, during the sliding process, the lubricant tends
to break its covalent bond at the interface. The result also suggests the important role of alkali elements in
keeping the lubricant on the iron oxide surface. Since the direct covalent bond between lubricant and oxide
surface can be broken during the sliding, the electrostatic interaction of the sandwiched structure of Os
(negative) – Na (positive) – NBO (negative) may play a crucial role in the adhesion of the lubricant on the
surface. Also, the simulation shows that the bond dissociation/formation rate is much higher at the interface
compare to that of the inside lubricant. The result once again indicates that during the shearing process,
lubricant tends to break its bond at the interface. In general, the calculated bond dissociation/formation rate
is consistent with experimental data which indicates that the glass lubricant with a high Na proportion
adheres well on the surface compared to the lower one.379 The appearance of the sodium layer between the
oxide surface and silicon oxide in the tribofilm of the metasilicate lubricant also confirms our suggestion
that this layer plays an important role in keeping the lubricant to adhere onto the iron oxide surface.
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Figure 6-13. Accumulation of the rate of bond dissociation and formation during the sliding simulation
for (a) the whole system (including the bonds inside the lubricant layer only and the interaction between
the lubricant with oxide surface) and (b) inside the lubricant layer only. Negative values indicate bond
dissociation and vice versa.

6.6.

Conclusions

The tribochemical reactions, structural transformations, and the tribofilm formation of sodium silicate
confined between two iron oxide substrates during the sliding have been investigated by FPMD simulations.
The comparisons of the different concentrations of sodium in the glass lubricant have provided an in-depth
understanding of the structural information of the silicate lubricant and the effect of the alkaline elements,
iron oxide surface, temperature as well as sliding on tribological properties of the glass. The findings in the
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current work can be summarized as follows.
(i) Sodium atoms in the silicate network have extremely high diffusivity, which allows them to diffuse
to the iron oxide substrate, where they are confined due to the electrostatic interaction with the
negatively charged oxygen atoms of the metal oxide substrate. The phenomena explain the
formation of a thick layer of sodium on top of the iron oxide surface. The sodium layer in the
tribofilm may play a crucial role in sticking the silicon glass with the metal oxide substrate during
the sliding through the electrostatic interaction.
(ii) Reducing the concentration of sodium in the glass lubricant will lead to a lower adhesion property.
The phenomena are mainly due to the fact that the sodium layer at the interface is depleted that
reduces the surface-lubricant electrostatic interaction. The lubricant has fewer NBO that can bond
to the metal oxide surface. As a consequence, the friction and antiwear properties of the glass
lubricant can be significantly reduced since the lubricant does not provide a protective tribofilm.
(iii) The sliding surface can accelerate the dissociation of the bonds between the glass and the oxide
surface. Although some of the broken bonds are not reformed, the NBO tends to exchange its
bonds with different Fe atoms on the oxide while the surface is sliding.
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Chapter 7. Surface Chemistry and Nanotribological
Properties of MgAl Layered Double Hydroxides5
7.1. Introduction
Layered metal hydroxides (LMHs), including layered single (LSHs) and double (LDHs) hydroxides, are an
essential class of two-dimensional layered materials characterized by brucite-like metal-hydroxyl host
layers with or without charge balancing anions in the interlayer.33-35 Currently, these 2D ultrathin
nanosheets have been proven to own superior tribological performance as lubricant additives in water- or
oil-based lubricants, which can effectively protect the rubbing surfaces from excessive wear.7 There are
several benefits of using LDH materials as lubricant additives for metal forming at room and moderate
temperatures, such as cold rolling. For example, the flexibility to tune the types of metal cations and the
M2+/M3+ molar ratios result in a huge variety of host-guest assemblies and nano architectures with versatile
chemical and physical properties. This compositional flexibility opens a possibility to engineer the material
structure to obtain the desired tribological properties. Large numbers of hydroxyl groups existing on the
surface of LDH platelets make it possible for surface organic modifications, which are beneficial for particle
dispersal in lubricating oils. Furthermore, the materials can be synthesized using well-established synthetic
protocols which are suitable for industrial production, for example, co-precipitation and homogeneous
precipitation.380
Previous studies showed that LDHs could provide an excellent friction reduction as well as antiwear
property. For example, Wang et al.7 studied the tribological properties of NiAl-LDH in the (GTL8) oil
base. Their result indicates that under the load up to 2.16 GPa, the friction coefficient decreased by 10%
when the nano LDH was introduced, and the antiwear property was improved considerably. This
enhancement is due to the formation of a protective tribofilm at the contact interface. Interestingly, the best
tribological performance is obtained by using the larger size nanoplatelets instead of smaller ones. Shuo et
al.41 demonstrated that the antiwear property of several LDH compounds, such as Zn/Al-, Mg/Al-, and
Zn/Mg/Al-LDH, can surpass graphite and MoS2 under the low-load condition. Particularly, LDHs had

*The content of this chapter has been published in the journal of Nanoscale.
Nam V. Tran, A. Kiet Tieu and Hongtao Zhu, First-principles molecular dynamics study on the surface chemistry and
nanotribological properties of MgAl layered double hydroxides, Nanoscale. 2020, 13, 5014-5025.
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better antiwear properties than graphite and MoS2 under the load of 10 N and a velocity of 0.25 m/s. When
the pressure is increased to 20 N, however, the lubrication performance of LDH is inferior to that of graphite
and MoS2. This is because under the high load, LDH structure could be crushed and broken, which results
in a higher friction. The author proposed the reduced friction mechanism that the LDH materials may fill
the roughness valleys and form a tribofilm on the surfaces.41 Also, the tribochemical reaction took place
during the sliding process, which resulted in a thick tribofilm to protects the contact surfaces from severe
wear. 7
The tribological properties of LDH can be affected by its structures, intercalated products, and metal
compositions. Shuo et al.
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studies the tribological properties of Mg/Al/Ce ternary LDH with different

Ce3+/Al3+ molar ratios and intercalated anions. Their results indicated that the LDHs intercalated with longchain agents (lauric acid) provided the best friction reduction performance.
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Wang et al.49 investigated

tribological properties of LDHs with different chemical compositions (Co2+, Mg2+, Zn2+, and Ni2+) and
topographical features (spherical, plate-like, and flower-like ). They found that the variation of morphology
had a more significant influence on the tribological performance rather than the chemical composition. In
which the flower-like LDH structure with a large surface area and ultrathin laminates showed the best
tribological properties. The surface modification could also be a potential method to improve the friction
reduction and antiwear properties of LDH materials. A previous study on the Zn/Mg/Al-CO3 LDH modified
by oleic acid shows that the molecules can chemically adsorb on the surface resulting in a monomolecular
layer.381 The friction test showed that base oil with 0.5 wt % LDHs provided the optimal antifriction
property, in which the wear scar diameter and friction coefficient could be reduced by 24.6 % and 68.6 %,
respectively. Although LDH materials appear to be a promising candidate for a new lubricant, most of the
available experimental studies have been based on trial and error due to the lack of in-depth knowledge of
the tribochemical reaction under the sliding contact. A better understanding of the friction mechanism at
the atomic scale would help direct future studies to design a new generation of lubricant. Although there
are a number of theoretical studies on the materials, most of the previous DFT studies focused on the
structure of the LDH layers and their electronic properties.382-387 We have not acknowledged any simulation
works investigating the tribological properties of the materials.
In this study, therefore, we use both density functional theory (DFT) and ab initio molecular dynamics
(AIMD) simulations to study the mechanism of friction reduction and the chemical reaction of the MgAl-
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LDH. The potential energy surface (PES) generated from DFT calculation provides a computational costeffective and direct measurement of the tribological properties of two smooth surfaces in sliding contacts,
such as shear strength or friction force. The knowledge is useful in a screening process to compare different
materials and choose the most suitable for specific applications. After that, AIMD was introduced to
consider a more realistic condition that is useful to investigate tribochemical reactions or quantitatively
evaluate the frictional properties. However, the AIMD method requires a considerable amount of
computational resources. As possessing a similar layered structure with other traditional 2D materials (i.e.,
graphene, MoS2, and hBN), the low friction property of LDH could come from the relative sliding motion
of LDH layers. In addition, the LDH additives on the sliding contact could be oxidized to layered double
oxide (LDO) because of the high temperature caused by the collision of asperities.7 During the process,
LDHs gradually lose interlayer water and then dehydroxylate and decarbonate.41 Therefore, in this study,
we focus on two main parts separated into five sections. The first two sections explore the tribological
properties of LDH layers in a relative sliding motion as well as the role of the trivalent cations and hydroxyl
groups. The last three sections discuss the interaction of water and anion with LDH surface and its influence
on friction reduction. The outcome of the simulations is helpful in the understanding of the working
mechanism at the atomic level. Although the current study focuses on the tribological application of the
LDH in metal forming, the work could provide useful information for other fields such as the catalytic
property of the LDH. Therefore, the present study can be beneficial for a wide range of researchers.

7.2. Computational details
7.2.1. DFT simulations
In this study, DFT simulations have been performed using the Vienna ab initio simulation package
(VASP).269 The generalized gradient approximation (GGA) with Perdew−Burke−Ernzerhof functional
were used to calculate the electron exchange and correlation effects.270, 271 The projector augmented-wave
(PAW) method was adopted in the calculations.272 We used a convergence threshold of 10-5 eV for the selfconsistent electronic loop and 10-4 eV for ionic relaxation. A Monkhorst–Pack (MP) k-point mesh of 8 × 8
× 1 and a plane wave cut-off of 500 eV were applied in all simulations. A semi-empirical van der Waals
correction obtained by Grimme 324 was included for all simulations.
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Figure 7-1. Simulation models of the Mg2Al1-LDH lubricants. (a) upper view and mesh grid used to
calculate potential energy surface. (b) side view of figure a. (c) model for sliding of two Mg2Al1-LDH with
intercalated water and hydroxide molecules. Orange, Blue, Red, and White represent Mg, Al, O, and H
atoms, respectively.
To study the nanoscale friction of LDH structures, we considered two surfaces of Mg2Al1-LDH. The surface
was modeled by a periodic supercell of -√3 × √3°𝑅30° as illustrated in Figure 7-1a. The ratio of the
cations (Mg2+/Al3+) is 2.388 Therefore, the notation for LDH structure using in this study will be called
Mg2Al1-LDH. A vacuum of 20 Å was introduced along the normal direction of the upper LDH surface. The
size of the supercell, as well as ionic positions, are pre-relaxed for further calculations. To investigate the
role of the addition of transition metal into the frictional behavior of the LDH, we also performed the
simulations on the Mg(OH)2 LSH for comparison.
The tribological properties of the LDH were examined by calculating the potential energy surface (PES).
A mesh grid with different lateral positions of the two LDH surfaces has been used to evaluate the system
energy in a scanning process. Particularly, we considered 49 lateral positions corresponding to a 7 × 7 mesh
grid (Figure 7-1a). We chose the Al atom at the initial lateral position of (0, 0) as the reference coordinate
for the top LDH layer. Each lateral configuration is created by shifting the upper surface along with the inplane directions, so the reference coordinate matches the grid point as shown in Figure 7-1a. The four
atomic layers of the upper slab were allowed to move in the z-direction during the relaxation,114 while the
other coordinates (x and y) were fixed. Meanwhile, the atoms belong to the three bottom atomic layers of
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the lower slab were fixed. Other atoms were allowed to relax in all dimensions. PES was then evaluated
from the system energy utilizing the lowest energy as the reference.

𝐸ÄÅÄ =

𝐸oÆo − 𝐸@Bd
𝑁

(7.1)

where 𝐸oÆo is the total energy of the system with two LDH slabs in contact, 𝐸@Bd is the lowest energy of
the system, and 𝑁 is the total number of atoms in the supercell. We then used cubic spline interpolation to
refine this grid and created a smooth PES.
7.2.2.

Born-Oppenheimer AIMD simulations

Born-Oppenheimer AIMD simulations were performed using the CP2K code.389 The electronic structure
was described within the Gaussian and plane waves framework. Molecular orbitals were expanded into
MOLOPT basis sets (DZVP-MOLOPT-SR-GTH),390 while the electron-ion interaction was described
through Goedecker-Teter-Hutter (GTH) pseudopotentials.391 A cut-off energy of 450 Ry was used to
truncate the plane wave expansion of the density, and the SCF convergence criteria were set to 10-6 a.u. A
time step of 1.0 fs was used for the integration of the equations of motion. Hydrogen atoms were assigned
a mass of 2 a.u. The canonical NVT ensemble was established at 300 K by using a velocity-rescaling
thermostat with a time constant of 100 fs. Here, we simulated the water/Mg2Al1-LDH interface using 10 (1
layer) and 20 (2 layers) explicit molecules (waters and four hydroxide anions) confined between two
Mg2Al1-LDH surface slabs in an orthorhombic supercell. In which, there are four M3+ cations (Al atoms)
in each LDH layer, as shown in Figure 7-1c. The structures were first equilibrated for 5.0 ps. An additional
equilibrium of 10.0 ps was then carried out for statistical analysis. In the case of the sliding surface, the
system was initially thermalized at a constant temperature of 300 K. Then, the thermostat was switched to
NVE, which lets the system free to evolve without any temperature control. Therefore, the temperature of
the system can be increased during the sliding, which mimics the real working condition. We explored the
chemical reaction mechanisms of the LDH with water using the well-tempered metadynamics (MetaD)
technique.392, 393 Within MetaD, the biasing potential was applied along the collective variables (CVs) to
accelerate the exploration of the relevant configurational space, forcing the state of the system to escape
from local minima. The MetaD biasing potential has the form of Gaussian hills with 0.05 eV height and 0.2
width, which were applied at intervals of 50 timesteps. The time step is reduced to 0.5 fs to increase the
accuracy of the simulation.
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7.3. Results and discussion
7.3.1. Role of trivalent metal on the frictional behaviors of Mg2Al1-LDH
As the structures of the LDH and LSH slabs are identical, the effects of the trivalent metal doping on the
frictional behavior of Mg2Al1-LDH can be investigated by considering the PES of Mg(OH)2-LSH and
Mg2Al1-LDH. As the LDH layers are connected by weak hydrogen bonds or Van der Waals interaction, it
is possible to tear apart the layers of the LDH structure and generate free-standing LDH layers during
sliding. 16 Besides, the high flash temperature due to the collision of asperities of the tribopair could cause
water evaporation, dehydrocarbon and dehydoxide, which reduce the chance of hydroxides preset in the
LDH; hence the current model focuses on the relative sliding between those free-standing LDH layers.

Figure 7-2. The potential energy surface of Mg(OH)2-LSH (a) and Mg2Al1-LDH (b). (c) and (d) illustrate
the energy (upper graph) and lateral force (lower graph) profiles when sliding the upper layer along the
directions shown in figures a and b. Path-1 and -3 indicate sliding along the in-plane lattice vectors, while
Path-2 moves along the diagonal line. Due to the symmetry, the sliding along Path-1 (P1) is equivalent to
Path-3 (P3).
The PES of the Mg(OH)2-LSH is shown in Figure 7-2a. The relative movement of the upper surface in any
in-plane direction gives rise to the energy variation. The introduction of trivalent metal (Al), such as in the
LDH structure, can lead to an almost flat PES suggesting a significant reduction of friction. As shown in
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Figure 7-2b, the corrugation energy is reduced from 23.8 meV/atom for Mg(OH)2 LSH to 1.5 meV/atom
for Mg2Al1-LDH. As compared to the case of LSH, the pattern of the PES in the LDH system also undergoes
a slight change due to the distortion of structure when the Al atom is introduced.
The differences observed in the PES corrugation appear in the frictional forces. Figure 7-2c and d show
energy profile and lateral force when the upper surface slides over the lower one along with two high
symmetry directions ([100], [110]) indicated by arrows in Figure 7-2a and b. A similar sliding path selection
can found from the work of M. Wolloch et al.137 The lateral force 𝐹? experienced by the upper slab during
§¨

the sliding along path I was calculated as 𝐹? = §Ê= (see the lower graph in Figure 7-2c and d). As shown in
=

Figure 7-2c, the system has to overcome a barrier energy of 23.8 meV/atom when sliding along Path-1
[100], which is approximately 7.5 meV/atom higher than that along Path-2 [110]. The maximum absolute
value of the lateral force when slides along the Path-1 is 19.1 meV/Å per atom, which is 3.0 meV/Å per
atom higher than that of Path-2. It indicates more resistance when slides along Path-1 in comparison along
Path-2. Both energy profile and lateral force along the two sliding paths experiences a significant change
when the trivalent metal is introduced into the system. Figure 7-2d shows that the barrier energy along the
sliding Path-1 is significantly reduced from 23.8 meV/atom (in Mg(OH)2 LSH) to 1.5 meV/atom when the
Al metal is introduced in the Mg2Al1-LDH structure, which corresponds to the decrease in maximum lateral
force from 19.1 to 1.6 meV/Å per atom. In Mg2Al1-LDH, the difference in terms of energy and lateral force
between the two sliding paths is minor. The data indicates only 0.5 meV/atom and 0.6 meV/Å per atom
difference in the maximum system energy and absolute maximum lateral force, respectively. Nonetheless,
we still observe the more favorable energy when sliding along Path 2 [110] direction.
Table 7.7-1. Bader charge analysis of LMH systems at the interface.

System

H

O

Mg

Al

Mg(OH)2-LSH

0.37 e

-1.10 e

1.46 e

-

Mg2Al1-LDH

0.25 e

-1.02 e

1.43 e

1.72 e
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Figure 7-3. Charge density difference analysis of Mg(OH)2-LSH (a) and Mg2Al1-LDH (b) at the minimum
stacking configurations. (c) and (d) show the planar averaged charge density of the figures (a) and (b),
respectively. Isosurfaces are 0.005 e/Å3.
The presence of trivalent metal, Al, in the Mg2Al1-LDH produces a large repulsion between the upper and
lower slab, which is indicated by the increase of the interlayer distance in the case of the LDH system
(Figure 7-3a and b). We observed that during the process of structural relaxation, the two surfaces increase
their separation until the upper surface reaches an equilibrium distance of zeq = 0.6 and 2.4 Å for the LSH
and LDH systems, respectively. In this work, the equilibrium distance is measured to be the minimum
distance (from the topmost hydrogen atoms of the low slab to the bottom-most hydrogen atom of the upper
slab) between the two LDH slabs. The planar averaged charge density shows that the LSH system has more
substantial charge redistribution at the interface. As shown in Figure 7-3c and d, the highest absolute peak
of the averaged charge for the LSH and LDH systems are 0.007 e/Å and 0.004 e/Å, respectively.
Interestingly, the electrons are withdrawn from the LSH interface, which is opposite to the case of LDH
where electrons accumulate at the interface. Bader charge analysis shows that the averaged charge of the H
atoms of the LSH system is 0.37 e as shown in Table 7.1. By introducing the trivalent metal (Al), the
averaged charge of H is reduced by 0.12 e. It should be noted that the charge of Al (1.72 e) is significantly
higher than that of Mg (1.43 e). Therefore, the increase of the interlayer distance is possibly due to the large
repulsive interaction between Al atoms of the two surfaces. A previous study has indicated that there is a
strong correlation between the charge redistribution at the interface and friction force.116 Therefore, the
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higher charge redistribution at the interface and the small interlayer separation could explain why LSH has
larger corrugation energy and lateral force.
7.3.2.

Roles of hydroxyl groups in friction reduction

The hydrogen atoms of the hydroxyl groups on the LDH surfaces could be cleaved by mechanical rubbing
to create oxygen dangling bonds at the interfaces. Previous studies on several hydrogenated surfaces
indicated that dissociation of those bonds could significantly influence the tribological properties of the
contact surface.193, 394 In the current work, we quantitatively analyzed the effects of hydroxyl groups on the
adhesion and shear strength. Toward this aim, we consider the LDH surfaces with different interfacial
densities of hydroxyl groups by removing the H atom at the interface. There are three H atoms per supercell
on the surface of the LDH. In this study, we simulated two different hydroxyl coverages: θhyd = 66.6%,
which was obtained by removing one H atom from each side of the interface, and θhyd = 33.3% obtained by
removing two H atoms. It is noted that the case of fully hydrogenated (θhyd = 100%) has already been
determined in the previous sections.

Figure 7-4. The potential energy surface of Mg2AL1-LDH with different hydroxyl coverages. (a) θhyd =
66.6% and (b) θhyd = 33.3%. Bottom two graphs illustrate the energy profile and lateral force along the
chosen sliding path shown in the PES.
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Table 7-2. Dependence of corrugation energy, barrier energy, and lateral force on the coverage of hydroxyl
groups and trivalent metal.
Mg2Al1-LDH
Systems

Mg(OH)2

θhyd = 100%

θhyd = 66.6%

θhyd = 33.3%

Equilibrium distance d (Å)
ΔE (meV/atom)
P1 Barrier ΔEP1 (meV/atom)
P1 Force ΔFP1 (meV/Å per atom)
P2 Barrier ΔEP2 (meV/atom)
P2 Force ΔFP2 (meV/Å per atom)

0.6
23.8
23.8
19.1
16.3
16.1

2.4
1.5
1.5
1.6
1.0
1.0

0.4
75.1
31.1
25.4
70.9
34.1

0.0
111.6
89.6
86.4
77.9
62.6

As shown in Figure 7-2 and Figure 7-4, the dehydrogenation at the interface could significantly change the
PES corrugation of the Mg2Al1-LDH. When the coverage of hydroxyl group is reduced, such as in the case
of θhyd = 66.6%, the corrugation energy increase by 73.6 meV/atom (Table 7.2), and the surface equilibrium
distance is reduced by 2.0 Å compared to that of the fully hydrogenated condition (θhyd = 100%). The
corrugation energy of Mg2Al1-LDH with 66.6% hydroxyl coverage (75.1 meV/ atom) is even higher than
that of Mg(OH)2 LSH (23.8 meV/ atom). This phenomenon is caused by the formation of the hydrogen
bond between two surfaces. As shown in Figure 7-5b, the hydrogen atoms of the upper slab can form
hydrogen bonds with the oxygen atoms of the lower one and vice versa. The corrugation energy increases
dramatically when the hydroxyl coverage is continuously reduced, as shown in Figure 7-4. The reason is
that the nature of the surface interaction has been wholly altered when the hydrogen density is low enough
to allow the formation of covalent bonds at the interface, as happens for θhyd = 33.3% (Figure 7-5c). In this
case, the corrugation energy increases by 49% compared to the case of θhyd = 66.6%, as shown in Table 7.2.
In addition, the dehydrogenation at the LDH surface also plays an important role in changing the pattern of
PES (Figure 7-4). As a result, the energy profile and lateral force along with the specific sliding directions
also experienced significant change when the θhyd is reduced. As shown in Figure 7-4 the sliding is more
favorable along Path-1 in the case of θhyd = 66.6% (Figure 7-4c). Meanwhile, when the coverage is reduced,
Path-2 becomes more energy favorable.
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Figure 7-5. The optimized structure of two LDH surfaces at the minimum stacking configuration when the
coverage of the hydroxyl group on the surface is reduced.
7.3.3.

Interaction of LDH with water and hydroxide molecules

The structure of LDH compounds consists of positively charged metal on the host surface and water/anion
molecules intercalated in the interlayer region. Thus, apart from host cations, the water molecules and guest
anions could play an important role in controlling the tribological properties and constructing LDHs-based
functional materials. To date, several anions have been intercalated into LDH structures, such as organic
acids, anionic polymers, inorganic acids, and more.382, 395, 396 Along with tribology research, these LDH
compounds have attracted considerable attention from scientists in many fields of study such as drug
delivery, electrochemistry, hybrid nanostructured materials, catalysis, supercapacitors, water oxidation, and
thin films.397-402. Therefore, an investigation on the interaction between water molecules and anions with
the LDHs will not only help to understand the tribochemical reaction mechanism but also provide useful
information for other fields, .i.e. catalysis or water oxidation. Hence, we study the interaction of LDH slabs
with different water thickness and how they affect the tribological properties of the materials. For
simplification, we introduced hydroxide anions and water in the current work, and the role of different
anions will be reported in future studies. The distance between two LDH surfaces is fixed to maintaining
the experimental water density of 0.99 g/cm3.403
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Figure 7-6. Distribution of the water/anion orientation (a and b) the intramolecular O-H bond length (c) as
obtained from AIMD of a system with a single water/anion layer (6 H2O + 4 OH anions) confined between
LDH surfaces (1wt-LDH). The cut-off for the O-H bond is 1.5 Å. The z-axis indicates the position in the
vertical direction from the bottom of the simulation cell (system height). For better illustration, the upper
and lower LDH surfaces, which are located at z = 4.4 and 7.4 Å, respectively, are not shown in the figure.
Figure 7-6 shows the distribution of the molecular orientation and intramolecular O-H bond length of a
single water/anion layer confined between Mg2Al1-LDH layers (1wt-LDH). The water and hydroxide
molecules distribute in a narrow range of 0.7 Å (from 5.5 Å to 6.2 Å). Most of the time, the molecules stay
parallel to the LDH surfaces, which is indicated by the majority of molecules being distributed at nearly
zero cos(θ), as shown in Figure 7-6b. The arrangement of the molecules allows the two LDH surfaces to
interact through the H···O···H hydrogen bonds (Figure 7-7a), which could be a potential source for the
increase of friction. During the simulation, the water/anion molecules can flip around due to the thermal
dynamics. As a result, there is a time that the O-H bonds are perpendicular to the LDH surfaces as indicated
by the small amount of cos(θ) distribution in the -1 and 1 regions. It should be noted that the distribution of
cos(θ) at 1 belongs to the molecules near the lower surface and vice versa. The result suggests that the
intercalated molecules tend to point their O atoms to the LDH surface due to hydrogen interaction. During
the simulation, the O-H bond length fluctuates in a small range of 0.2 Å (from 0.95 Å to 1.15 Å) as
illustrated in Figure 7-6c. The peak of the O-H bond lengths distribution is located at 0.98 Å, which is close
to the experimental data of the O-H bond length in water.404-406 Although the RO-H bonds in water molecules
are mostly around 0.98 Å, the RO-H (left graph in Figure 7-6c) shows a considerable probability of O-H
bonds at the distances between 1.2 Å and 1.5 Å, which is larger than the normal O-H covalent bond but
shorter than the O···H hydrogen bond. These distributions represent proton transfer events, where the H
atom is dissociated from a water molecule and transfer to other water/hydroxide molecules. The RO-H bond
is then increased during the event leading to the broadening of the RO-H distribution between 1.2 Å and 1.5
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Å. It is worth mentioning that the hydrogen interaction with the LDH surface helps to increase the rate of
proton transfer, which indicates a high catalytic property of the Mg2Al1-LDH. As shown in Figure 7-8, the
distribution of O-H bond length in the range of 1.2 - 1.5 Å of the system without LDH surface is much
smaller.

Figure 7-7. Distribution of water molecules as obtained from AIMD of a system with one (a) and two (b)
water/anions layers confined between two LDH slabs. The grey dot lines indicate the hydrogen bonds,
while the blue circle marks the OH anion.

Figure 7-8. Distribution of the O-H bond length as obtained from AIMD simulation of a system of only
(without LDH surfaces) 20 molecules (16 H2O + 4 OH anions). The cut-off for the O-H bond is 1.5 Å.
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Figure 7-9. Distribution of the water/anions orientation (a) the intramolecular O-H bond length (b) as
obtained from AIMD of a system with two water layers confined between two LDH surfaces (2wt-LDH).
The cut-off for the O-H bond is 1.5 Å. The z-axis indicates the position in the vertical direction from the
bottom of the simulation cell (system height). For better illustration, the upper and lower LDH surfaces,
which are located at z = 4.4 and 10.5 Å, respectively, are not shown in the figure.
The statistical analysis for the case of two water/anion layers (2wt-LDH, including 16 H2O + 4 OH anions)
is shown in Figure 7-9. The first structured water/anion layer concentrate at a z-position of 6.0 Å (Figure
7-9a and b), while the second layer is centralized at a z-position of 8.8 Å. It is worth mentioning that water
and hydroxide molecules tend to concentrate in the narrow region of 1.0 Å at the interface with LDH. The
distance from the first distribution peak of the water/anion layer to the lower LDH surface is 1.6 Å, and it
is 1.7 Å from the second layer to the upper LDH surface as shown in Fig. S3. The calculated distances,
such as 1.6 Å and 1.7 Å, are smaller than the normal range of hydrogen bond distance (2.2-2.5 Å).407
Meanwhile, the two layers are separated by a large region of 2.8 Å. The data suggested that the water and
hydroxide molecules have a high affinity toward LDH surfaces, which constrains the mobility of the
molecules in a narrow region on the surfaces. It also indicates that the hydrogen interaction between the
two water layers is weaker than that between the water and LDH surfaces. Figure 7-7 shows that the
water/anion molecules are hydrogen-bonded to the surfaces via the O and H atoms. Therefore, the data
suggested that the intercalated molecules tend to stick with the LDH surfaces in the system with multi
water/anion layers, and the sliding will likely occur between two water/anion layers themselves.
As mentioned previously in the single water/anion layer system, the water and hydroxide molecules tend
to point their O atom toward the LDH surface when flipping around due to the thermal dynamics. In the
case of double water/anion layers, the phenomena are more profound. The cosine distribution in Figure
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7-9a shows the confined angle between the O-H bonds of the intercalated molecules with the verticle
direction. In the first water/anion layer, the cosine is distributed mostly in the positive region. On the other
hand, the data of the second layer (which interacts with the upper LDH surface) is primarily negative. The
distribution is expanded more into the -1 and 1 regions compared to that of the single-layer system. Hence,
the water and hydroxide molecules in the multi-layer system have more chance of pointing its O atoms
toward the LDH surfaces. It is worth mentioning that we observe a small distribution of the O-H bonds
from the region of 7.0 Å - 7.5 Å, which is caused by the movement of OH anions between the two
water/anion layers. While water molecules are likely to be confined in a layer due to the hydrogen bonds,
OH anions can escape the hydrogen network and travel between water layers. As shown in Figure 7-7b and
Figure 7-10, the selected OH anion can change its confined angle when moving between the two layers.

Figure 7-10. Distribution of a selected OH anion orientation as obtained from AIMD of a system with two
water layers confined between two LDH slabs. The cut-off for the O-H bond is 1.5 Å.
7.3.4.

Effect of water and hydroxide molecules on the sliding resistance of Mg2Al1-LDH

Shearing and high load are two important factors that drive many chemical reactions and alters the
tribological properties of lubricants in metal forming. To investigate the behaviour of lubricants under these
conditions, it is essential to apply an external force to the sliding surface. In this study, the forces are driven
from a linear external potential in the form of 𝐸Kno = −𝐴 × 𝑅, where A is a constant, R is the position of
the atom. As a result, the Hellmann–Feynman force acting on the selected atoms can be derived as 𝐹 =
−

§¨AÝÞ
§M

= 𝐴. In this study, we applied a vertical force (FZ) of 0.62 eV/Å to simulate the presence of a

constant load (1 GPa), and we performed a simulation of 5 ps to equilibrate the system in that condition.
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After that, a second lateral force (FX) that causes the LDH surface to slide is simultaneously applied with
the vertical force (FZ). We performed two separated simulations using two different lateral forces of 0.62
and 0.94 eV/Å (which correspond to a shear stress of 1.0 and 1.5 GPa, respectively). This method is similar
to that proposed by Righi et al.162, 168 Although the technique does not provide a direct way to quantitively
measure the friction coefficients, the method allows us to observed phenomena such as reaction mechanism
under the sliding contact.162

Figure 7-11. (a) Displacement of the center of mass (COM) of the upper LDH surface. (b) Displacement of
the upper (red) and lower (blue) water/anion layers in the double water/anion layers system (2wt-LDH)
with a lateral force of 0.94 eV/Å.
Figure 7-11 illustrates the displacement of the center of mass (COM) of the upper Mg2Al1-LDH surface.
The larger is the COM displacement, the easier it is for the LDH to slide (lower friction resistance) and vice
versa. After 10 ps of applying both shear stress and normal pressure at 1 GPa simultaneously, the COM of
the upper LDH slab move 2.6 Å and 4.2 Å for the system with one and two water/anion layers, respectively.
Therefore, the result indicates that the system with two layers of water/anion has a lower friction resistance.
As mentioned in the previous section 7.3.3, in the 1wt-LDH system, the two LDH slabs can interact through
the strong H···O···H hydrogen bonds, which induce a relatively higher friction resistance. However, when
the water/anion thickness is increased by introducing multi water/anion layer, the weak interaction between
the two water/anion layers contributes to the reduction of friction resistance. The difference between single
and double water/anion layer systems becomes more significant when the shear stress is increased to 1.5
GPa as shown in Figure 7-11a. Particularly, in the 1wt-LDH system, the COM of the upper LDH slab moves
3.1 Å. In contrast, the displacement 2wt-LDH system is increased by seven times approximately. As a
result, the low friction property in the system with a thicker water layer will become more profound under
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the high shear stress. Figure 7-11b shows the displacement of H2O and hydroxide molecules belong to the
upper and lower water/anion layers in the 2wt-LDH during sliding. While the upper water/anion layer
follows the movement of the upper LDH slab, the lower water/anion layer shows an apparent lagging
phenomenon. The result again confirmed that the interaction between two water/anion layers is weaker
compared to that between water/anion and LDH. A previous experimental study on MgAl-, ZnAl-, and
ZnMgAl-LDH showed that MgAl-LDH has high thermal stability that maintains its structure at high
temperature.41 Meanwhile, dehydroxylation and the removal of the interlayer water on ZnAl-, and ZnMgAlLDH can occur at lower temperatures leading to higher friction in those materials. Therefore, the result
suggests the important role of hydroxyl groups and water molecules in the friction reduction of LDH.

Figure 7-12. Dissociation of the H atom on the MgAl-LDH during the sliding. Other water/anions molecules
have been removed for better illustration.
We found that a further increase of lateral force by 50% to 1.24 eV/Å (shear stress of 2.0 GPa) can cause
the LDH structure to be deformed, and hydrogen atoms can be broken from the surface as shown in Figure
7-12. The result indicates that the LDH structure, as well as the hydroxyl groups on its surface, could be
broken under the condition of high shear stress. As the LDH structure is broken under the condition, the
simulation is stopped, and we do not further increase the shear stress. It is worth mentioning that we apply
an external force on the upper LDH slab to simulate the tribological sliding, which causes the slab to
accelerate over the simulation time. As the water/anion interacts and sticks with the upper LDH slab, they
will be under acceleration as well. As a result, the displacement of the water/anion will increase as the
simulation time increases (Figure 7-11). Furthermore, the structure of the water/anion could be rearranged
to reduce the friction during the sliding, which could also amplify the phenomena.
7.3.5.

Reaction mechanism of Mg2Al1-LDH with water molecules

To investigate the reaction mechanism of water molecules with the LDH surface, we use well-tempered
metadynamics simulations. A water molecule, which is closest to the LDH surface, is chosen to constrain
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the reaction. Two collective variables (CV) were used (Figure 7-13), the first one (CV1) is equal to the
coordination number (CN) between the O atom of the chosen water molecule and H atoms in the water
layer (CNO(w)-H(w)), and the second collective variable is defined as:

𝐶𝑉2 =

CNâ(Ä)Nã(Ù) − CNâ(Ä)Nã(Ä)
CNâ(Ä)Nã(Ù) + CNâ(Ä)Nã(Ä)

(7.2)

Where CNH(s)-O(s), CNH(s)-O(w) is the coordination number of an H atom on the surface with the O atoms of
the LDH (CNH(s)-O(s)) and the chosen water molecule (CNH(s)-O(w)) (Figure 7-13a). The definition of the
coordination number can be found in the literature.408

Figure 7-13. Schematic of the chosen collective variables (a) and metadynamics simulation (b).
Generally, CV1 is associated with the coupling of the chosen water molecule with other water/hydroxide
molecules and thus allows us to explore the pathways via proton transfer. Meanwhile, the CV2 represents
the adsorption of the chosen water on the LDH surface and the dissociation of the H in the hydroxyl group.
By combining the two collective variables, the states associated with local minima explored during the
MTD simulation can be identified by adding biasing potentials in the form of Gaussian hills, as shown in
Figure 7-13b. The free energy surface (FES) calculated from the MetaD simulation is illustrated in Figure
7-14. As shown in Figure 7-14a, the initial state with (CV1, CV2) ≈ (2, -1.0) corresponds to the physical
adsorption of the water molecule on the LDH surface. The energy diagram of transition state and
intermediates along the reaction pathways (red and green line in Figure 7-14) is shown in Figure 7-15. The
relative free-energy values are calculated using the initial state of H2O on the surface as the reference.
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Figure 7-14. Free energy surface (FES) calculated from the MetaD simulation with two collective variables.
Some of the O and H atoms are removed for better illustration. Geen line indicates the reaction path of
water with the LDH surface through the chemical adsorption of the H2O molecule. The red line illustrates
the reaction path where the H2O molecule deprotonates to create hydroxide anion, and then chemically
adsorbs on the LDH surface.
During the MetaD simulations, the water molecule can easily transfer its hydrogen to other water/hydroxide
molecules to form the OH anions as illustrated by the state of (CV1, CV2) ≈ (1, -1.0) in Figure 7-14b. This
phenomenon is due to the small barrier energy of 6.5 kJ.mol-1 as shown in Figure 7-15. The result is
consistent with our calculated distribution of the O-H bond lengths in Figure 7-6 and Figure 7-9, which
shows a large amount of the O-H bonds in the range from 1.2 - 1.5 Å indicating the proton transfer event.
After the water molecule loses one of its hydrogens to form the OH anion, it can chemically adsorb on the
LDH (OH*) through the formation of an O-H covalent bond, which is indicated by the state of (CV1, CV2)
≈ (1, 0.0) in Figure 7-14c. The barrier energy for this chemical adsorption is 15.6 kJ.mol-1 (from -8.4 to 7.2
kJ.mol-1) as shown in Figure 7-15. The intermediate of OH* chemical adsorption on the surface is relatively
stable as the energy is only 0.7 kJ.mol-1 higher than the initial state (H2O), which could be caused by the
formation of a relatively strong O−H bond.
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The chemical adsorption of the H2O* molecule, which is indicated by (CV1, CV2) ≈ (2, 0.0) in Figure
7-14e, requires a larger barrier energy of 12.7 kJ.mol-1 as shown by the green dot line in Figure 7-15. The
result suggests that the formation of the third covalent bond between the water molecule and the LDH
surface is less favorable. It is worth mentioning that the H2O* intermediate state (11.7 kJ.mol-1) is unstable
compared to the initial state. Also, the barrier energy for the opposite reaction is negligible, and it is easier
for the desorption of H2O*. Therefore, the calculation indicating that a more favorable path for the chemical
reaction of H2O with the LDH surface is to transfer its H to form an intermediate OH anion, then chemically
adsorb on the surface through the O-H covalent bond (red line in Figure 7-15). However, the formation of
the third covalent bond between the water molecule and the LDH surface is still possible since the barrier
energy difference is not significant, and both reaction paths could co-exist.

Figure 7-15. Computed reaction energy diagram for the reaction of H2O molecule with the MgAl-LDH
surface, The subscript (*) indicates the adsorption state of the molecules. Geen and red lines indicate
reaction paths of water with the LDH surface as shown in Figure 7-14.
The cleavage of the O-H bond on the LDH surface is possible by transferring the H atom from LDH to the
OH* anion to form a new water molecule, as shown in Figure 7-14d. As a result, an oxygen dangling bond
is also created on the LDH surface. However, this process requires very large barrier energy of 31.7 kJ.mol1

. It should be noted that the final state is also not stable with the energy of 32.0 kJ.mol-1 compared with the

initial state. As the barrier energy for the reversed reaction is negligible, it is expected that the water
molecules can donate the H atom to the oxygen dangling bond. Therefore, during the reaction, the O-H
bonds on the LDH surface can be terminated and reformed at a high rate. As the reaction between water
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molecules and the LDH can lead to the breaking of the hydroxyl group on the surface, the phenomena could
increase the friction. In addition, the dissociation of the H atom may not be regenerated during the sliding
as the newly formed water could be evaporated. As a result, the stability and tribological performance of
the materials can be negatively affected.

7.4. Conclusions

In this study, the tribological properties of Mg2Al1 layered double hydroxides, as well as their interaction
with water/hydroxide molecules under the sliding contact, have been investigated using DFT and AIMD
simulations. By calculating the potential energy surface, we found that the introduction of trivalent cations
can significantly reduce the friction of the LDH. Also, the lateral force showed a strong correlation with
the hydroxyl group on the surface. On the other hand, AIMD simulations provided an in-depth
understanding of the structural information of the water/hydroxide molecules when interacted with the LDH
surfaces. In which the molecules interact mainly with the LDH slab through the hydrogen bonds, which
confine the orientation as well as the movement of the molecules close to the surface. The interaction with
the LDH slab helps to promote the proton transfer between the intercalated molecules. Furthermore, our
data indicate that friction is reduced when the water/anion thickness is increased. By using metadynamics
simulation, we demonstrate the water molecules can chemically react with the LDH surface in three basic
steps: (1) The surface firstly promotes proton transfer, leading to the formation of hydroxide intermediates
(OH). (2) The hydroxide molecules will then chemically adsorb on the LDH surface through the formation
of the O-H bond (OH*). (3) Finally, the O-H bond cleavage on the LDH surface is only achieved upon the
adsorption state of hydroxide resulting in a new water molecule.
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Chapter 8. Conclusions
In this work, the tribochemistry of sodium silicate glass and MgAl layered double hydroxides has been
studied using computational simulations. By conducting a large volume of theoretical simulations, the
lubrication mechanism and other fundamentals aspects of sodium silicate and MgAl-LDH lubricant have
been revealed. The key findings in this thesis are summarized below.
The adsorption and dissociation of sodium silicate cluster on Fe (110) surface have been investigated using
both AIMD simulations and DFT calculations. By comparing of adsorption processes and electronic
structure of the adsorbed silicate at different temperatures, the study has provided detailed insights into the
bond nature of the tribology system, the effect of the iron surface as well as the temperature on the adhesion
of silicate lubricant. The result indicated that silicate lubricant adheres on the iron surface through multiple
Si-O-Fe linkages. The surface has a significant influence on the Si-O bond strength in the Si-O-Fe linkages
by draining electrons from the NBOs, leading to the decrease of Si-NBO bond strength. Therefore, NBOs
are much easier to be dissociated to create free oxygens in the tribofilm. The process may reduce the antioxidation ability of the tribofilm.
The research also indicated that temperature plays a crucial role in the dissociation of the lubricant. At
temperature below 1400 K, the Si-NBO bond breaking requires the impacts of both the iron surface and the
formation of the second BO. At high temperatures, however, only the influence of iron surface is needed.
Notably, at 1500 K, the silicate lubricant can be decomposed into small fragments. The decomposition of
silicate lubricant at high temperatures can reduce the stability of the tribofilm. Hence, the friction reduction,
as well as the anti-oxidation performance of the lubricant, can be affected negatively.
The role of sodium atoms on the friction reduction of two iron oxide surfaces in sliding contact has been
investigated using DFT calculations. By constructing the potential energy surface (PES), the shear strength,
interfacial interactions, static lateral friction, and corrugation energy are quantitatively calculated and
analyzed. The result shows that the high shear strength and lateral friction of the iron oxide surface are
caused by the formation of the Fe-O covalent bonds for some lateral arrangements. Those bonds lead to a
large corrugation of the PES as well as a small interlayer distance between the two layers. The calculated
charge density difference shows that a large amount of charge is redistributed at the interface due to the
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formation of the Fe-O bonds between the two layers when the top layer slide from unstable to stable
configurations. Sodium atoms from the glass lubricant have a tendency to adsorb on the hollow position of
the Fe2O3 (0001) surface. By passivating the iron surface with a layer of sodium, the shear strength and
lateral force are significantly reduced. Due to the adsorbed Na layers, the formation of the Fe-O bonds
between the two layers is eliminated, and the interlayer distance of the two passivated surfaces is maintained
at a high value even at high load conditions. Therefore, the sliding of the passivated surfaces is expected to
retain the low friction even at high pressure.
The tribochemical reactions, structural transformations, and the tribofilm formation of sodium silicate
confined between two iron oxide substrates during the sliding at high temperature and pressure have been
investigated using a modified version of the Quantum Espresso package. The effect of the sodium
concentration, iron oxide surface, temperature, high load as well as sliding on tribological properties of the
glass has been revealed. The study suggested that sodium atoms in the silicate glass network have extremely
high diffusivity, which allows them to diffuse to the metal oxide substrate, where they are confined due to
the electrostatic interaction with the negatively charged oxygen atoms of the metal oxide substrate. The
finding helps to explain the formation of a thick layer of sodium on top of the iron oxide surface in the
previous experimental studies.
By lowering the concentration of sodium in the glass lubricant, we found that the adhesion property was
strongly reduced. The result indicated that the sodium layer in the tribofilm plays a crucial role in sticking
the silicon glass with the metal oxide substrate during the sliding through the electrostatic interaction. The
phenomena can be explained by the reduction of the surface-lubricant electrostatic interaction when the
sodium layer at the interface is depleted. In addition, when the concentration of sodium is low, the lubricant
has fewer NBO that can bond to the metal oxide surface. As a consequence, the friction and antiwear
properties of the glass lubricant could be significantly reduced since the lubricant does not provide a
protective tribofilm. Furthermore, we found that the sliding surface can accelerate the dissociation of the
bonds between the glass and the oxide surface. Although some of the broken bonds are not reformed, the
NBO tends to exchange its bonds with different Fe atoms on the oxide while the surface is sliding.
Finally, the tribological properties of Mg2Al1 layered double hydroxides, as well as their interaction with
water/hydroxide molecules under the sliding contact, have been investigated using DFT and AIMD
simulations. We found that the introduction of trivalent cations can significantly reduce the friction of the
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LDH. Also, the lateral force showed a strong correlation with the hydroxyl group on the surface. On the
other hand, AIMD simulations provided an in-depth understanding of the structural information of the
water/hydroxide molecules when interacted with the LDH surfaces. It was found that molecules mainly
interact with the LDH slab through the hydrogen bonds, which confine the orientation as well as the
movement of the molecules close to the surface. The interaction with the LDH slab helps to promote the
proton transfer between the intercalated molecules. Furthermore, our data indicate that friction is reduced
when the water/anion thickness is increased. By using metadynamics simulation, the reaction mechanism
of water molecules with the LDH surface is investigated in detail.
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Chapter 9. Recommendation for Future Works

Although the lubrication mechanism of sodium silicate and MgAl-LDH has already been revealed in detail
in the dissertation, there are several aspects that need to be considered in future works.
i.

The current study focuses on the tribochemical reaction only. However, the tribological
properties of a lubricant can be affected by many macroscopic factors such as asperities. This
issue could be improved by using a bigger model. That requires using simulation techniques
such as coupling methods (QM/MM) or using MD simulations with reactive force fields. As
reported previously, while QM/MM method is able to capture the tribochemical reaction
dynamics, which includes the effects of loads, shear, and temperature at a reasonable
computational cost, the method still faces some common technical challenges. The size of the
QM system needed to be small, which limits the application of this method in a complex glass
network such as sodium silicate. Secondly, the choice of the force fields for the MM part, and
the QM-MM boundary needs to be considered carefully as it decides the reliability of the
method. Therefore, using a reactive force field such as ReaxFF to model the glass system is
an option of choice. However, there is currently no available ReaxFF for sodium silicate
glass/MgAl-LDH systems and developing parameters for those systems is necessary for future
studies.

ii.

The thesis has demonstrated that increasing the concentration of sodium could potentially
improve the tribological properties of the silicate lubricants. However, the optimal
concentration of sodium is still not defined. In the future, a combination of both theoretical
and experimental studies is needed to determine the optimal concentration of the alkali
element in the glass network. In this case, the development of parameters for ReaxFF to model
the alkali glass lubricant would provide a more comprehensive and realistic condition to
quantitively measure the friction reduction of the lubricants. A screening process could be
used to find the optimal concentration of sodium.

iii.

Although the current work has investigated the influence of sodium on the friction reduction
of sliding iron oxide surfaces, there are a number of different elements (such as Ca, Li, K,
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etc.) that can be used as network modifiers. As the working mechanism of other network
modifiers has not been revealed, further study on the influence of the different alkaline
elements on the tribological properties of glass lubricants is necessary. In addition, for each
type of network modifier, the optimal concentration should be defined by using a screening
process as mentioned above. Furthermore, a combination of different network modifiers in
the same glass lubricant will need to be investigated in future works.
iv.

In this study, we only use silicate glass as a demonstration for the application of glass in hightemperatures lubrication. However, there are several different types of glasses, i.e., Phosphate
glass or Borate glass, as mentioned previously in the literature review. The comparison
between different kinds of glass lubricants should be investigated in future studies.

v.

The current study showed that the coverage of the hydroxide group on the surface of LDH
materials plays a significant role in the friction reduction of LDH. In the real working
condition of cold metal forming, the temperature caused by the collision of asperities could
make the LDH lose its hydroxyl groups leading to an increase in friction. The result suggested
that the stability of the hydroxide group is the key factor in improving the performance of the
LDH materials at high temperatures. Therefore, possible solutions such as using different host
metals could be used to improve the working temperature range of the material. Furthermore,
the performance of LDH could potentially be improved by adapting different intercalated
products such as acid, hydrocarbon, and more. Quantum simulation of the interaction of these
intercalated products with LDH layers is necessary to understand the mechanism, as well as
predict the suitable anion for better lubrication performance. Furthermore, the current
simulations only focus on the relative sliding between two LDH layers. It is important to
investigate the interaction of LDHs with the steel surface since it defines the adhesive
properties of the materials.
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