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Abstract 

Diamond-like carbon (DLC) films that are a type of amorphous solids exhibit excellent 

mechanical properties and superior tribological performances and thus can be used as the 

coating of workpieces to improve their wear resistance and reduce their surface friction. 

The tribological behaviors of the DLC films are sensitive to many factors such as the film 

compositions, operational parameters and environment. These sensitivities highly 

complicate the tribological mechanisms of the DLC films and largely degrade their 

reliability and performances. Due to the difficulty to observe the evolution of the contact 

interfaces, particularly their detailed atomic structures at the nanoscale, investigation of the 

tribological mechanisms of the DLC films is challenging. Molecular dynamics (MD) 

simulation is a powerful technique used to investigate the nanoscale physical and chemical 

phenomena which can hardly be observed in experiments. This PhD dissertation adopts 

MD simulation as the main approach to investigate the nanoscale tribological mechanisms 

of DLC films under different operational conditions.  

The effects of the load, velocity and the surface roughness of DLC films on their 

tribological behaviors are studied for two-body contact cases in which a diamond tip slides 

against a DLC film. It is found that the increase of the load can induce transition of wear 

from adhesive to abrasive and highly increase wear rate of the film. Its friction force 

follows the macroscale Bowden-Tabor model at a small load, but diverges from such model 

at a large load due to the formation of transfer layers. This keeps consistent with 

experimental observations in literature and thus demonstrates that the macroscale 

tribological mechanisms are still valid at the nanoscale. The friction force and wear rate of 

the film decrease with the velocity due to the reduction of the sliding depth of the diamond 
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tip and number of bonds at the contact interface. The increase of the surface roughness 

causes that the friction force of the film increases while its wear rate shows a nonmonotonic 

dependence on the roughness due to the competitions between the adhesive and abrasive 

wear. This nonmonotonic dependence indicates the existence of a minimum wear of the 

DLC films and thus shows the difference of their nanoscale tribology from that at the 

macroscale.   

The effects of third particles at the interface between DLC films on their tribological 

behaviors are studied by relative sliding two films with a rigid particle located between 

them. It is found that friction and wear of the films are determined by adhesion at a small 

load but dominated by both adhesion and ploughing at a large load. A high velocity can 

increase the friction of the film but decrease its wear, due to the response of its networks 

to a high strain rate indicated by such velocity. This indicates that both the surface adhesion 

and the mechanical response of the DLC films play significant roles in their tribological 

behaviors at the nanoscale. The friction and wear of the film are also highly influenced by 

the shape of the particle and its size which can influence its movement mode and wear 

mechanisms.  

The effects of testing atmospheres are studied by simulating the friction behaviors of 

DLC films with the presence of environmental H atoms. It is found that the friction 

mechanisms depend on the friction temperature. At low friction temperatures, H atoms are 

concentrated near contact interfaces, and their passivations highly reduce the interfacial 

adhesion and friction force. However, at high friction temperatures, the diffusions of H 

atoms and graphitization of the DLC film as well as its thermal expansions cause a wide 

region with easy-shear properties, thus resulting in a low friction force. This indicates that 
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besides the H-passivations the H diffusions can also reduce the friction force of the DLC 

films by tailoring structures and properties of their sliding interface, providing a new 

explanation for the low friction of these films in the H2 environment.  

Graphene is a single layer of carbon atoms arranged into a honeycomb lattice 

structures. Since its discovery, graphene has found itself wide applications in 

nanotechnologies due to its superior mechanical properties including the ultrahigh 

mechanical strength and superior lubrication performances. One of these applications is to 

use graphene as a lubrication material to isolate the contact between surface asperities. 

Simulation of the lubrication of graphene for DLC films shows that its lubrication 

performance can be improved by the increase of its layer number but degraded by its 

defects. Under a small normal force, though the puckering effect has been induced, the 

superlubrication of the graphene can be preserved as indicated by the ultralow friction force. 

Under a large normal force, the friction force increases due to the tribochemical reactions 

of graphene and the tribopairs. The tribochemical reactions highly influence the structural 

stability of the graphene and thus terminate its superlubrication. The simulation also 

demonstrates that the size increase of the graphene can largely increase its friction force by 

promoting the puckering effect. This shows that the small-sized graphene may exhibit a 

better lubrication performance than that with a large size.  

This PhD dissertation has investigated the tribological behaviors of DLC films under 

the influence of operational conditions. The results help to understand the tribological 

mechanisms of the DLC films and promote their wide applications in future.   
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Chapter 1. Introduction 

Diamond-like carbon (DLC) films have excellent mechanical and tribological 

properties and thus can be employed as solid lubricants of workpieces to reduce their 

surface friction and improve their wear resistance. The wide applications of the DLC films 

have raised significant demands to understand their tribological mechanisms. In this 

chapter, a brief introduction is firstly conducted on tribological behaviors of the DLC films. 

Subsequently, the motivations and objectives for this PhD dissertation are presented, and 

the dissertation organization is then outlined.  

 

1.1. Background 

DLC films are a type of amorphous solids and consist of a mixture of sp2- and sp3-

hybridized carbon atoms. These films have excellent mechanical properties, superlow 

friction coefficient and superior wear and corrosion resistance (Donnet, 1998). Therefore, 

the DLC films are can be used to improve wear resistance and reduce surface friction of 

workpieces and highly increase their reliability and lifetime. For example, the DLC films 

can be a suitable wear-resistant layer on plastic products such as sunglass lenses which are 

made of polycarbonate (Kimock and Knapp, 1993); these films have been used in a hard-

disk driving system to improve its wear resistance and reduce the friction between magnetic 

disks and heads (Robertson, 2001; Kokaku et al., 1993); these films are also employed to 

prevent wear for razor blades and metal cutting tools including lathe inserts and milling 

cutters and increase lifetime for bearings, cams and cam followers in the automobile 

industry (Kurokawa et al., 1987; Erdemir et al., 2006). Because of the wide applications 
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of the DLC films, their tribological mechanisms have attracted tremendous attentions in 

the past decades and have also been the theme of numerous studies.    

It has been found that the exceptional wear resistances of DLC films are due to their 

high hardness which indicates a high resistance to plastic deformations and thus suppresses 

the formations of wear debris. The excellent friction behaviors of the DLC films are 

commonly due to the formation of graphitic transfer layers on the surface of their 

counterparts (Liu et al., 1996a). Such layer that is easy to shear can isolate the direct contact 

between these films and their counterparts and cause the friction reduction (Bai et al., 2011).  

The tribological behaviors of DLC films depend on their compositions such as the 

sp3/sp2 ratio and the doping elements. The sp3/sp2 ratio is commonly used to characterize 

the microstructures of these films. The higher ratio commonly indicates a larger fraction of 

sp3 bonds in such films and their higher hardness (Irmer and Dorner�ËReisel, 2005). Since 

the sp3/sp2 ratio of the DLC films is sensitive to their deposition equipment and parameters, 

the mechanical properties of such films commonly vary case-by-case and their wear 

behaviors are diverse in the literature (Grill , 1997; Bull, 1995). The doping elements also 

highly influence the tribological behaviors of the DLC films by influencing their surface 

properties. For example, the hydrogenation of these films can highly reduce their friction 

by passivating dangling bonds on their surfaces and even induce the occurrence of 

superlubricity; the silver-doped films exhibit a superlow friction due to the diffusions of 

silver from the subsurface to the surface at a high friction temperature (Wang et al., 2012).  

Tribological behaviors of DLC films can also be influenced by many operational 

conditions such as the load, velocity, environment and lubrication (Bai et al., 2011; Grill 

1997; Donnet 1998). The effect of the load and velocity is mainly due to the fact that they 



Chapter 1. Introduction 

3 

 

highly influence the formation of transfer layers by changing friction temperatures which 

eventually dominate the graphitization of the DLC films. The environment can influence 

the tribological behaviors of these films mainly by changing their contact interface. For 

example, such films exhibit a superlow friction in a hydrogen atmosphere (H2) due to their 

surface passivations by H atoms (Fontaine et al., 2004; Fontaine et al., 2001); these films 

show a low friction in a sand-dust environment due to the rolling of the sand particles (Qi 

et al., 2011a; Qi et al., 2010). Lubricants are commonly employed to reduce the sensitivity 

of the DLC films to their compositions and operational conditions. These films show stable 

friction and wear behaviors in a lubricated condition and exhibit a complex boundary-

lubrication mechanism which involves the effects of both the lubricants and films (Liu et 

al., 2013; Liu et al., 2011a; Liu et al., 2011b).  

The previous studies mainly investigated the tribological behaviors of DLC films by 

analyzing their macroscale tribological mechanisms via experimental methods. It should 

be noticed that the macroscale tribology actually happens as interactions between surface 

asperities at a small scale (Mo et al., 2009; Eder et al., 2015). These asperity interactions 

should be responsible for the fundamental tribological mechanisms of the DLC films, 

however, are invisible due to the limitations of the macroscale experimental methods.  

As a result, many fundamental mechanisms at the microscale and nanoscale are still 

unclear. For example, the formation process of transfer layers during the running-in period 

of the DLC films always lacks clear understanding; the dependence of the formation of 

their wear debris on operational parameters such as velocity and load is rarely reported; 

sensitivities of the tribological behaviors of the DLC films to their working environment 

need to be explored by analyzing the contact interface; the effect of lubricants and 
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particularly their additives on the interfacial evolution of the DLC films is seldom studied. 

Hence, it is of great significance to investigate the tribological behaviors of these films at 

a small scale.  

This significance is also highly raised by the applications of DLC films in a 

miniaturized component or machine. For instance, these films have been used to improve 

the wear resistances of tips for atomic force microscope (AFM) which has been used to 

nanomechanically machine surfaces with an atomic-scale roughness (Yan et al., 2015); 

such films are also coated to components in a microelectromechanical system (MEMS) or 

nanoelectromechanical system (NEMS) to increase their wear resistances (Tambe and 

Bhushan, 2004). The DLC films at the small scales exhibit a tribological behavior different 

from that at macroscales and such behavior is unsuitable to be interpreted by the 

macroscale tribological mechanisms.  

Therefore, investigations of the friction and wear of DLC films at a microscale 

especially nanoscale can highly improve the understanding of their tribological 

mechanisms and promote their wide applications.  

 

1.2. Motivations  

Nanoscale tribology of materials highly depends on their surface properties which 

eventually determine the adhesions at their contact interface and their contact area. Such 

adhesions are caused by atomic interactions and lead to a nonzero contact area and a high 

friction force even for a zero load (Eder et al., 2015). As a result, it is commonly concluded 

that the nanoscale friction is linearly proportional to the contact area but has a nonlinear 

relation with the load, which is regarded as the friction law at the nanoscale (Mo et al., 
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2009). The validation of this conclusion for the tribology of DLC films may be highly 

influenced by the formation of their graphitic transfer layers and easy-shear properties of 

such layers, which is of great scientific significance and thus should be investigated. 

The high adhesion at interfaces between DLC films dominates their wear at the 

nanoscale. Such nanoscale wear can also be caused by abrasion with an extremely high 

load (Gnecco et al., 2002). The transition of the nanoscale wear from adhesive to abrasive 

may be caused by the graphitization of the DLC films and the formation of their transfer 

layers. Investigation of such transition can uncover the nanoscale wear mechanisms of the 

DLC films and bridge the gap between their wear at different scales.  

The nanotribological behaviors of DLC films are highly influenced by third-particles 

which may be the resultants during the friction process or sand-dust particles coming from 

the environment. The existence of a small number of the third-particles can highly increase 

the contact stresses and largely degrade the surface of the DLC films. Moreover, the 

interfacial adhesion between such films and their graphitization also highly change their 

tribological behaviors by influencing the motion of the third-particles. The tribological 

mechanism of the DLC films with the presence of third particles is not well explored and 

thus becomes another motivation in this study.  

The atmosphere dependence of the tribological behaviors of DLC films is commonly 

attributed to the occurrence of tribochemical reactions, while the effect of atmosphere-

element diffusions into the films on such dependence is ignored (Fontaine et al., 2001; 

Fontaine et al. 2004). This can be exemplified by the low friction of the DLC films in a H2 

environment. Such low friction is commonly due to the H-passivations which result in van 

der Waals forces at the contact interface, and it is usually neglected the fact that the H 



Chapter 1. Introduction 

6 

 

atoms can diffuse into the DLC films and highly reduce their shear modulus by enhancing 

their viscoplastic properties. Such diffusions have been rarely considered and thus their 

effect still lacks a clear understanding.  

The sensitivity of the tribological behaviors of DLC films to their compositions and 

working atmospheres can be eliminated by using other lubricants. Graphene has excellent 

lubrication properties and superior chemical inertness and thus is capable of lubricating the 

DLC films with different compositions in various atmospheres (Filleter et al., 2009). 

Therefore, graphene has a huge potential to stabilize the friction and wear of the DLC films. 

The lubrication mechanisms of graphene for these films are hardly studied in experiments 

due to its atomic-size thickness and thus should be investigated at the nanoscale.  

It is evident that investigations of the above issues of DLC films are beneficial to 

understand their tribological mechanisms and promote their wide applications. These 

investigations are difficult to be conducted in experiments due to the nanoscale sizes but 

can be easily realized by simulation. This is because the fast development in computer 

science and technology has allowed atomistic models to simulate phenomena under a 

realistic situation. Many phenomena at the nanoscale can be well predicted by using either 

first-principle simulation or molecular dynamics (MD) simulation. Compared with the 

first-principle simulation, the MD simulation is capable of modeling systems with 

relatively large sizes and thus has been employed to simulate the tribological phenomenon 

at the nanoscale in this study.  

In fact, it is always challenging for the MD simulation to accurately predict parameters 

in experiments, due to the large gap between the simulation and experiments at the time 

and length scales. However, the MD simulation can investigate physical and chemical 
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phenomena in a realistic situation and thus is still able to provide an atomic understanding 

about mechanisms of these experimental phenomena.  

 

1.3. Objectives  

The present research works are focused on the tribological mechanisms of DLC films 

by using MD simulation. The effects of working conditions and lubrication of graphene on 

the tribological behaviors of the DLC films are considered. The main objectives of the 

present research works are set as follows:  

�x To investigate the nanotribological behaviors of DLC films under different working 

conditions and with the lubrication of graphene;  

�x To study the friction and wear laws governing the tribological mechanisms of DLC 

films at the nanoscale;  

�x To explore fundamental mechanisms to link the tribological behaviors of DLC films 

at different scales;   

�x To provide guidance for applications of DLC films with the lubrication of two-

dimensional materials in tough working conditions.  

 

1.4. Dissertation outline  

This PhD dissertation contains seven chapters. Following this introduction chapter, a 

literature review about the principle of tribology, tribological behaviors of DLC films and 

the MD simulation is conducted. Chapter 3 illustrates the investigation of tribological 

behaviors of DLC films under a two-body contact condition. In Chapter 4, the study 

focuses on the tribological behaviors of these films under a three-body contact condition. 
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Chapter 5 presents the influence of environmental hydrogen atoms on the tribological 

behaviors of the films. Chapter 6 deals with the lubrication of graphene for the film 

scratched by a diamond tip. Chapter 7 gives the conclusions of this dissertation and the 

recommendations for future works.                      
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Chapter 2. Literature review 

Friction and wear of DLC films are caused by the interactions of asperities at their 

contact interfaces during their relative sliding. Investigations of these interactions can help 

to uncover tribological mechanisms of such films. However, these interactions of asperities 

are common at the nanoscale and thus hardly studied in experiment. MD simulation can 

model the nanoscale tribology, since they are capable of monitoring the evolution of 

contact interfaces and providing information on the element diffusions and phase 

transformations. In this chapter, the fundamentals of tribology are firstly introduced. Then 

a review is conducted on tribological behaviors of the DLC films. Finally, the principles 

of the MD simulation are presented and their applications in modeling the nanoscale 

tribology are briefly illustrated.  

 

2.1. Fundamentals of tribology 

2.1.1. Friction and wear 

The word tribology was initially derived from the Greek word tribos meaning rubbing, 

�D�Q�G�� �W�K�X�V�� �W�K�H�� �O�L�W�H�U�D�O�� �W�U�D�Q�V�O�D�W�L�R�Q�� �P�H�D�Q�V�� �³�W�K�H�� �V�F�L�H�Q�F�H�� �R�I���U�X�E�E�L�Q�J�´���� �,�Q�� �F�X�U�U�H�Q�W�� �G�L�F�W�L�R�Q�D�U�L�H�V����

tribology is defined as the science and technology of interacting objects during their 

relative motions and involves friction, wear and lubrication science. Friction is the 

resistance to relative motions of objects, and wear is the surface damage or material 

removal from one or both of their surfaces. Lubrication can reduce the friction and wear 

by using lubricants.  

For components in a machine, high friction and wear highly degrade their surface and 

thus decrease their lifetime. Such degradations can be largely suppressed under a 
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lubrication condition. Therefore, tribology always relates with the reliability of machines 

ranging from spacecraft to household appliances. This determines the great economic 

significance of tribology. It has been reported that losses caused by tribology take about 4% 

of gross national product in United States, and about one third of the energy in the world 

is consumed by tribology (Bhushan, 2013a). Research and better designs of tribology are 

able to save about 1% gross national product in an industrialized nation (Jost, 1976). 

Therefore, tribology has highly attracted worldwide attentions.  

The first study of tribology was conducted by the renaissance engineer and artiest 

Lenardo da Vinci (Dowson, 1979). He firstly deduced rules for the motion of a rectangular 

block sliding over a flat surface. Such rules were rediscovered by the French scientist 

Guillaume Amontons (Bhushan, 2013a). He found that the friction force has a direct 

proportion to the normal load and is independent of the apparent contact area. The physicist 

Charles-Augustin Coulomb further reported that the friction force is independent of 

velocity after the commencement of motion (Coulomb, 1821). These pioneering 

observations became foundations of tribology and highly promoted its development.  

Inventions of microscopes have promoted the rapid development of tribology. With 

these microscopies, it was found that many micro and nanoscale asperities exist on a 

macroscale smooth surface (Myers, 1962). The interactions between surface asperities of 

materials dominate their friction and wear. Therefore, investigations of these asperity 

interactions are capable of uncovering tribological mechanisms and have been the main 

research theme of the modern tribology (Bhushan, 2000).  

The wear of materials was only empirically described to have a relation of with their 

mechanical properties such as hardness and elastic modulus for a long time. The fast 
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development of wear happened last century. With inventions of many kinds of microscopes, 

wear processes can be clearly examined, such as the formation of wear particles and 

transfer layers, crack propagations and delamination process (Sin et al., 1979; Suh, 1973; 

Suh, 1977).  

It should be noticed that both friction and wear are a systemic response instead of 

properties of materials. This is because both the friction and wear are influenced by 

operational conditions such as load, velocity, humidity, pairs of tribomaterials and 

atmosphere (Holmberg and Mathews, 1994). For example, sometimes a high friction is 

assumed to definitely relate with a high wear. The assumption is not universally correct 

because the friction is caused by interactions of surface asperities while the wear of 

materials relates with their mechanical properties (Bhushan, 2013a). This can be easily 

proved by the fact that polymers show low friction and high wear while ceramic materials 

exhibit high friction and low wear.  

 

2.1.2. Tribology under two-body and three-body contact 

Tribology can be categorized according to the contact conditions including solid-solid 

sliding, elastohydrodynamic lubrication and boundary lubrication (Bhushan, 2013a). Since 

DLC films are mainly used as solid lubricants in machine, their tribology mainly happens 

in a solid-solid contact condition. Therefore, the solid-solid sliding tribology is reviewed 

in the following sections.  

The tribology of materials is regarded as the interaction between their surfaces. In 

some cases, a third particle from outside or generated during the wear processes can be 

present at the interface between these materials. Particularly, for DLC films in a sand-dust 
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environment, the sand particles at their interfaces highly influence their tribological 

behaviors. Due to the significance of the third particle on the tribological behaviors of the 

DLC films, both the tribology with the two-body contact and three-body contact are 

reviewed. This is different from the literature which commonly reviews the three-body 

tribology as a part of abrasion (Bhushan, 2013a).  

Friction under a two-body contact condition is mainly dominated by adhesion and 

deformation. The adhesion friction commonly happens for metals and some ceramic 

materials (Bowden and Tabor, 1942; Bowden and Tabor, 1973). Under a large load, strong 

interactions (even cold welding) of surface asperities of metals can be caused and highly 

increase their interfacial adhesions. In this case, the relative sliding of metals requires a 

lateral force to overcome their interfacial adhesion. The lateral force that is friction force 

Ff can be obtained by  

 arf �WAF �  , (2.1) 

where �2a is the average shear strength of the asperity contact and Ar the real contact area 

which is calculated by summing up the area for every asperity contact.  

Friction can also be caused by deformation. During the friction process, asperities of 

the harder surface penetrate into the other soft surface and cause grooves by ploughing. As 

a result, the increase of the friction is induced because of the plastic deformation  of the 

soft surface (Rigney and Hirth, 1979).  

The friction caused by deformation can be understood by a simple model (Rabinowicz, 

1965), as shown in Fig. 2.1. Under a large load, the rigid conical asperity penetrates into 

the lower material and thus causes its plastic deformations. Assuming that the yielding 
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strength of the lower material is isotropic, the forces along the horizontal and normal 

directions and the friction coefficient can be obtained as  

 ln pAF �  ,  (2.2) 

 pf pAF �  ,  (2.3) 

 
l

p

n

f

A

A

F
F

� � �P  ,  (2.4) 

where Fn is the normal force, Ff the horizontal force that is the friction force, �� the friction 

coefficient, p the yield pressure of material, and Al and Ap the projected area of the asperity 

contact along the normal and horizontal directions, respectively.  

 

 

Fig. 2.1. Schematic of a hard asperity sliding against a soft material (Rabinowicz, 1965). 
  

The Eq. 2.4 may be used to simply evaluate friction coefficient of materials 

particularly metals when they are experiencing ploughing. It should be noticed that the 

piling up of materials ahead of the asperity is neglected in the model. This results in that 

the friction coefficient predicted by Eq. 2.4 is smaller than experimental results in some 

cases (Rabinowicz, 1965).  
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Both the adhesion and deformation-induced friction describe the kinetic friction which 

is observed during the stable sliding of surfaces. In fact, when these surfaces are in contact 

under a large load, the lateral force required to initiate their relative sliding is commonly 

higher than the kinetic friction force and named as the static friction. The static friction is 

caused by interfacial adhesions which determine its time dependence (Rowe, 1960). A long 

rest time for the contact surfaces highly increases their interfacial adhesions by causing the 

formation of metallic or covalent bonds across their contact interface. With the 

commencement of the sliding, such interfacial adhesion is strong enough to cause plastic 

deformations and creeps of materials near the interface, thus highly increasing the friction 

force.  

When the static friction between two materials is much larger than their kinetic friction, 

their relative sliding velocity fluctuates largely (Bhushan, 2013a), as shown in Fig. 2.2. 

Such fluctuation is called stick-slip friction and highly depends on the intrinsic properties 

of materials in contact as well as test conditions. During the sticky period, the interfaces 

between the materials are strongly bonded, thus highly increasing their friction force by 

inducing their deformation. When the stress reaches the strength of the interfacial adhesion, 

relatively slip of the materials happens. The periodic stick-slip friction can be seen in many 

situations such as squeal and chatter in bearings, jerking of brakes and earthquakes.  

Stick-slip friction is undesirable in machines due to the frequent presence of large 

friction. Several methods have been developed to eliminate or prevent the stick-slip friction 

(Bhushan, 1980). For examples, one can design mechanical systems with a small 

compliance by using stiff springs and increasing both the inertias of sliding components 

and the system damping; lubricants can be used to avoid the stick-slip phenomenon by 
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reducing static friction and thus eliminating its difference with kinetic friction (Bhushan, 

2013a).  

Friction of materials has a close relation with their wear, since their friction energy is 

partly dissipated by plastic deformation or delamination during their wear. Different 

friction mechanisms indicate the existence of various principles of wear. The basic 

principles of wear include adhesion, abrasion, fatigue, chemical reactions, impact by 

erosion and percussion and electrical-arc-induced wear (Bisson, 1969). Commonly, at least 

two or more kinds of wear occur simultaneously, which highly complicates the wear 

analysis. It is noticed that two thirds of all wear in the industrial fields happen in the form 

of adhesion and abrasion. Therefore, a review of these two wear mechanisms will be 

conducted in this dissertation.  

 

 

Fig. 2.2. Stick-slip friction force as a function of time or distance (Bhushan, 2013a). 
 

Adhesive wear occurs when adhesion at the interface between materials is strong 

enough to deform them. As a result, a surface fragment may detach from the one material 

and attach to the other one (Archard, 1953). The adhesive wear commonly happens 
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between metals (Archard, 1980), due to the fact that the asperity welding of metals is easily 

induced under a large load.  

The mechanisms of adhesive wear have been investigated for decades. Among these 

investigations, the mechanism proposed by Archard is most well-known. He suggested that 

shearing between two materials occurs at their original interface (Archard, 1953), due to 

the fact that the interfacial adhesion strength is commonly smaller than the mechanical 

strength of asperities. In some cases, the interfacial strength is much higher and can cause 

the break of surface asperities, leading to the detachment of a surface fragment and thus 

the formation of wear debris.  

The equation of adhesive wear was commonly obtained based on the experimental 

results. It is found that the wear volume can be calculated as   

 
H

LkF
V n�  ,  (2.5) 

where V is the wear volume, Fn the load, L the sliding distance, H the hardness of the worn 

surface and k the wear coefficient (Holm, 2013). Eq. 2.5 was later verified by Archard via 

a theoretical model in which the contact was assumed to be plastic (Archard, 1953). Hence, 

the formula is also called Archard equation. The Archard equation has been validated by 

many experimental results and thus used widely to predict the wear volume of materials. 

The assumption of plastic deformations in the Archard equation can be verified by 

examining the wear track. For example, for a stainless steel sample after adhesive wear, 

adhesive debris is evidently pullout from the sample, and both its surface and subsurface 

experience severe plastic deformations.  

Abrasive wear under the two-body contact condition happens when a hard surface 

slides against a soft surface. In this case, the asperities of the hard surface can penetrate 
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into the soft one and cause its plastic deformation or fracture (Moore, 1974). The abrasive 

wear widely occurs in the mechanical operations such as cutting, turning and grinding.  

The wear volume caused by abrasion can be evaluated based on a simple model raised 

by Rabinowicz (Rabinowicz, 1965), as shown in Fig. 2.3. In this model, a rigid conical 

asperity slides against a soft and flat surface. A groove with uniform depth is ploughed on 

the soft surface. By assuming that the soft surface yields during the ploughing, the abrasive 

wear volume can be calculated by  

 
H

LF
V

�Œ
tan2 n �T

�  ,  (2.6) 

where Fn is the load, L the sliding distance and H the hardness of the soft surface.   

Eq. 2.6 is obtained based on a simple situation. It was further found that abrasive wear 

can also be rewritten with a similar formation of Archard equation as  

 
H

LFk
V n1�  ,  (2.7) 

where k1 is the wear coefficient includes all the influences such as geometry of asperities. 

The k1 is commonly two to three orders of magnitude larger than the wear coefficient of 

adhesion wear, which indicates that the abrasive wear is quite undesirable in machines and 

should be avoided during their working.  

The three-body tribology happens with the presence of third particles. Such particles 

may come from the environment such as the desert. Moreover, these particles may also be 

the resultants formed during the adhesive and abrasive wear, due to the fact that many wear 

debris distributed on the wear track actually become third particles influencing the friction 

and wear.  
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Fig. 2.3. Abrasive model of a hard conical asperity sliding against a soft surface (Bhushan, 
2013a). 
 

 

Fig. 2.4. Schematic of wear process of two relatively sliding surfaces with (a) trapped third 
particles and (b) rolling particles (Bhushan, 2013a).  
 

The mechanisms of three-body tribology highly depend on the mechanical properties 

of third particles. For the particles that are softer than the other two materials, these 

particles highly yield and thus become flat or fragmented during the wear process 

(Khruschov, 1974). When the third particles are harder than the other two materials, such 

particles may be trapped by one of the two materials and plough another one (Bhushan et 

al., 1985), as shown in Fig. 2.4. In this case, the mechanisms of the three-body tribology 

are similar to those of two-body abrasive tribology. The rolling of the third particles is 
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present, when the load is small or the other two materials have smooth surfaces. In some 

situations, these particles spend almost 90% of the time rolling. In this case, the rolling 

particles highly reduce the friction and wear, because such particles act as bearings to 

lubricate the relative sliding materials. It has been reported that the wear coefficient under 

three-body contact conditions is at least one order of magnitude smaller than that in two-

body contact conditions (Rabinowicz et al., 1961).  

 

2.1.3. Tribology at the nanoscale  

It has been discussed that macroscale tribology of materials is caused by interactions 

between their surface asperities which are at the micro or nanoscale. Investigations of these 

interactions can significantly improve the understanding of macroscale tribology and thus 

bridge the gap between science of tribology and its applications in engineering (Bhushan, 

1999; Bhushan, 2013b). Moreover, the micro/nano-miniaturizations of machines such as 

NEMS and MEMS highly increase demands to understand the tribological phenomena at 

the nanoscale (Bhushan, 2000; Bhushan, 2012). As a result, the importance of the 

nanoscale tribology has been long recognized.  

The rapid development of science and technology makes it easy to investigate 

nanoscale tribology. Many tip-based microscopies invented in the last century such as 

surface force apparatus (SFA), scanning tunneling microscope (STM), atomic force and 

friction force microscopes (AFM and FFM) can be used to study the nanoscale tribological 

phenomena. The emergence of these microscopes has highly improved the understanding 

of the nanoscale tribology by shedding light into atomic-scale energetics, dynamics, 

thermodynamics, structure of materials and their rheological properties (Bhushan, 1998).  



Chapter 2. Literature review 

20 

 

Nanoscale friction is quite different from friction at the macroscale. It has been 

reported that the nanoscale friction is sensitive to properties of outermost surface-layers of 

materials instead of their bulk mechanical properties which dominate the macroscale 

friction (Kim and Kim, 2009). The outermost surface-layers may be the adsorbed gas, 

capillary junction, contamination and oxide layer, and their properties are determined by 

many factors such as temperature, humidity, working atmosphere and even sliding history.  

Mate et al. (1987) firstly studied the nanoscale friction by exploring the frictional 

interactions between a sharp tungsten tip and a graphite substrate via an AFM. Their study 

showed a typical stick-slip friction behavior and demonstrated that such behavior is an 

essence of the nanoscale friction. This was later proved by many studies. For example, 

Akamine et al. (1990) obtained the saw tooth shaped stick-slip friction when using an AFM 

tip to scanning an Au film; Fujisawa et al. (1993) further found that the stick-slip friction 

during the relatively sliding of a Si3N4 tip and a mica substrate is attributed to the zigzag 

motion of such tip.  

Stick-slip friction is also present for a confined liquid film which has a small thickness. 

The stick-slip friction is attributed to the periodic melt and freeze of the confined liquid 

film during its shear deformation (Bhushan et al., 1995), as shown in Fig. 2.5. Under a 

small strain, the film stays in a frozen state and exhibits solid-like properties, leading to 

that the sliding hardly happens inside the frozen film and thus causes a sticking friction. 

When the strain energy is high enough to induce the melt of such film, it exhibits liquid-

like behaviors and thus causes the slipping friction.  

Nanoscale friction highly depends on the velocity. Tambe et al. (2005) reported that a 

mediate velocity can reduce the friction of silicon by suppressing the formation of meniscus 
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at the contact interface while a high velocity largely increases the friction by inducing 

deformation and fractures of surface asperities. They also found that structures of materials 

influence the velocity dependence of their nanoscale friction. For example, the friction 

force of DLC films decreases with the velocity, due to their graphitization and the 

formation of an easy-shear transfer layer.  

 

 

Fig. 2.5. Phase diagram of confined liquid layers during the stick-slip friction process 
(Bhushan et al., 1995). 
 

Similar to the macroscale friction, nanoscale friction also has a positive proportion to 

contact area at the sliding interface (Bhushan and Sundararajan, 1998). Nair et al. (2008) 

reported that nanotexturing of amorphous silicon can reduce its friction coefficient from 

0.5 to 0.05, due to the fact that the texturing highly reduces the contact area and thus 

decreases the interfacial adhesion.  

The decrease of scales generally reduces friction. This is because a small scale can 

increase the indentation hardness and elastic modulus of materials and thus reduce their 

contact area under the same load (Bhushan and Kulkarni, 1996). Moreover, a small 
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apparent contact area at the small scale highly reduces the number of third-particles trapped 

at the contact interface and largely avoids the occurrence of ploughing (Tambe and 

Bhushan, 2004).  

Similar to the nanoscale friction of materials, their nanoscale wear is also sensitive to 

properties of their outermost surface-layers (Bhushan and Kwak, 2007; Gnecco et al., 

2002). Since the properties of such outermost surface-layers are influenced by many factors 

such as atmosphere, temperature and contamination, such sensitivity determines that the 

nanoscale wear of materials cannot be calculated by Archard equation which only 

considers the effect of their load and hardness (Bhaskaran et al., 2010). Therefore, the 

development of a generalized model for the nanoscale wear is always a huge challenge to 

researchers.  

AFM has been commonly used to investigate the nanoscale wear. This is because the 

AFM can accurately measure extremely small forces and visualize surface morphologies 

with a resolution below 1 Å (Cho, 2009). Moreover, the tip-based scanning technique in 

the AFM is efficient to investigate the asperity sliding against a surface (Pham et al., 2010). 

Such investigation is beneficial to bridge the gap of tribology at different scales.  

Chung et al. (2003) studied the effect of humidity on wear behaviors of Si and Si3N4 

tips. They found that the humidity can accelerate the wear of these tips by increasing 

adhesive forces at contact interfaces. The increase of the adhesions is due to the formation 

of meniscus (Liu et al., 2010). The humidity effect can be changed by velocity. A high 

velocity can highly suppress the formation of meniscus and thus induce the occurrence of 

abrasive wear (Tambe and Bhushan, 2005a).  
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Gotsmann et al. (2008) investigated the wear behaviors of a single Si tip sliding against 

a flat polymer surface. They reported that nanoscale wear proceeds as a continuous atom-

by-atom attrition without the presence of fracture. This attrition process cannot be well 

explained by the Archard equation, thus indicating the essential difference between the 

nanoscale and macroscale wear. The atom-by-atom attrition was later verified by 

Bhaskaran et al. (2010). They found that the nanoscale wear can be explained by the 

Arrihenius theory which is commonly employed to interpret the probabilities of chemical 

reactions. This theory demonstrates that an atom has a high possibility to be worn if its 

�N�L�Q�H�W�L�F�� �H�Q�H�U�J�\�� �F�D�Q�� �R�Y�H�U�F�R�P�H�� �W�K�H�� �H�Q�H�U�J�\�� �E�D�U�U�L�H�U�� ���G�H�Q�R�W�H�G�� �D�V�� �û�*�� �L�Q�� �)�L�J���� ������������ �7�K�H�� �V�K�H�D�U��

stress enhanced by the friction force can highly decrease this energy barrier and thus 

promote the generation of worn atoms. 

 

 

Fig. 2.6. Schematic of the wear process by atom-by-atom attritions (Bhaskaran et al., 2010). 
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2.2. Tribological behaviors of DLC films  

Tribological behaviors of DLC films highly depend on the chemical and physical 

phenomena at the sliding interface (Liu et al., 1996b). Such phenomena can be influenced 

by many factors such as doping elements of these films, their working parameters and 

environment and lubrication (Erdemir and Donnet, 2006).  As a result, the tribological 

mechanisms of the DLC films are always complicated.  

Since this PhD dissertation is devoted to exploring a fundamental explanation of 

tribological mechanisms of DLC films, a brief review will be conducted for the effect of 

operational conditions including working parameters and environment. The lubrication of 

other lubricants on DLC films will also be reviewed, due to the fact that such lubrication 

can highly change the chemical and physical phenomena at the sliding interface. The 

effects of other factors such as doping elements will be ruled out, since these factors can 

highly influence the mechanical properties of DLC films and induce complex phase 

transformations and chemical reactions, thus largely complicating their tribological 

mechanisms.  

 

2.2.1. Operational condition influence 

A high load of DLC films decreases both their friction coefficient and wear rate. These 

decreases can be explained by graphitization and formation of transfer layers  (Wang et al.,  

2013). The high load can improve the graphitization level of these films by increasing their 

friction temperature (Wang et al., 2013; Bai et al., 2011). Moreover, under the high load, 

transfer layers are easily formed on the counterpart surfaces of these DLC films (Fig. 2.7). 

These layers exhibit easy-shear properties due to their high graphitization level (Bai et al., 
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2011; Liu, 1997; Erdemir, 2004; Liu et al., 1996b). As a result, the transfer layers are 

capable of isolating the DLC films and their counterparts, leading to the sliding inside such 

layers.  

The effect of loads on wear behaviors of DLC films can be well explained from the 

point of energy dissipation (Fouvry et al., 2003). At a large load, more friction energies are 

dissipated by graphitization of the DLC films and the thermal conduction due to the large 

contact area. In this case, the friction energy dissipated by wear including crack 

propagations and kinetic energies of wear debris highly decreases, thus leading to a 

significant reduction of the wear rate at the large load (Ramalho and Miranda, 2006).  

 

   

Fig. 2.7. Optical image of transfer layers on the surface of counterpart at different loads 
(Wang et al., 2013).   

 

Wear behaviors of DLC films under different loads can also be interpreted by an 

entropy-based theory (Ling et al., 2002). It has been reported that the entropy is 

proportional to the wear rate, due to the fact that the friction and wear are actually a non-

equilibrium thermodynamics process (Aghdam and Khonsari, 2011). For the DLC films, 

their entropies decrease with their load, mainly due to the high friction temperature which 
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reduces entropy consumptions (Amiri and Khonsari, 2010). The small entropies of DLC 

films at a large load keep consistent with their small wear rate.  

Besides a high load, a high velocity of DLC films also reduces their friction force and 

wear rate. This is because the high velocity can induce a rapid deformation of surface 

asperities and generate a large amount of friction energy in a short time. These energies are 

mainly dissipated by temperature rising on the surface of the DLC films and their 

graphitization (Fouvry et al., 2003). This highly promotes the formation of transfer layers 

and ensures their easy-shear properties, thus reducing wear rate and friction coefficient of 

the DLC films.  

The chemical reactions at sliding interfaces between DLC films and their tribopairs 

influence the velocity dependence of their tribological behaviors. This can be demonstrated 

by exemplifying wear tests in different atmospheres. With a high velocity, the friction 

coefficient in air decreases while that in nitrogen almost keeps constant (Vercammen et al., 

1999). This is because surface oxidations of the DLC films in air can increase their 

interfacial adhesion. At a high velocity, the time is insufficient for the chemical absorptions 

of oxygen molecules and thus suppress oxidations of the DLC films. This suppression is 

beneficial for the decrease of interfacial adhesions of these films and thus reduces their 

friction forces. However, their interfacial adhesions almost keep constant in a nitrogen 

environment due to the chemical inertness of nitrogen molecules, thereby leading to a 

constant friction force (Erdemir et al., 2000).  

It is evident that the atmosphere highly changes the tribological behaviors of DLC 

films by influencing their chemical and physical states at their contact interfaces. 

Hydrogenated DLC films commonly exhibit low friction force and wear rate in an inert gas 
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atmosphere such as N2, Ar and CO2 (Erdemir and Donnet, 2006). This is because these 

inert gas molecules hardly influence the H-passivations of dangling �1 bonds at contact 

interfaces of the DLC films. As a result, the H-passivations always cause a small interfacial 

adhesion, thus ensuring a low friction force (Fig. 2.8).  

The non-hydrogenated DLC films commonly exhibit short lifetime in an inert 

atmosphere (Erdemir and Donnet, 2006). This is due to the fact that the dangling �1 bonds 

exist at the contact interface of these films. Such bonds are difficult to be efficiently 

passivated by the inert gas molecules and thus can cause strong interfacial adhesion 

strengths, resulting in a high friction of the DLC films and their failure.  

 

 

Fig. 2.8. Illustration of the friction reduction mechanisms by H-passivations of DLC films 
(Erdemir and Donnet, 2006).  

 

Tribological behaviors of DLC films in vacuum highly depend on their H content. A 

high H content causes a low friction and even the presence of superlubricity which means 

the friction coefficient is smaller than 0.01 (Andersson et al., 2003b). This low friction is 

due to the H-passivation of interfacial dangling �1 bonds. Although a high H content of the 
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DLC films is beneficial to their tribological behaviors, such high H content also degrades 

their mechanical properties and may influence their wear behaviors. This indicates the 

existence of an optimal H content in the DLC films.   

Due to the significance of H-passivations to low friction of DLC films, their 

tribological behaviors in a H2 environment have attracted wide attentions. It was found that 

a high pressure of H2 can largely reduce the friction force of the DLC films (Andersson et 

al.,  2003a; Donnet et al., 2001). This is because the H2 molecules can be decomposed into 

active H atoms during the friction process. Such H atoms efficiently passivate the 

interfacial dangling bonds of the DLC films and thus largely reduce their interfacial 

adhesion.  

Oxygen highly influences the tribological behaviors of DLC films by degrading their 

H-passivations. This is because the oxidation reactions at the sliding interface can easily 

remove the H atoms, increasing interfacial adhesion (Kim et al., 2006). The oxidations of 

carbon atoms also enhance their departure from the DLC films and thus increases their 

wear rate.  

Water molecules also significantly influence the tribological behaviors of DLC films. 

It has been reported that when the pressure of water vapor increases, the friction force of 

the hydrogenated films increases while that of the non-hydrogenated films decreases (Fig. 

2.9) (Enke et al., 1980; Tagawa et al., 2004; Andersson et al., 2003b). These different 

friction behaviors are due to the effect of water molecules on the interfacial adhesion. For 

the hydrogenated films, the absorption of water molecules on their interfaces can remove 

H atoms and increase their interfacial adhesion, leading to the increase of friction force 

(Donnet and Erdemir, 2007). For the non-hydrogenated films, the absorbed water molecule 
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passivates their dangling �1 bonds at the interfaces and reduce their bonding strength. Such 

absorption actually induces the formation of water layers at the interface of the DLC films 

(Donnet and Erdemir, 2007). These layers act as liquid lubricants for the films, thus 

decreasing their friction force and wear rate.  

Sand-dust environment has attracted intense attentions due to the worldwide 

explorations to outer space. For example, when the robotic car moves on moon, the sand 

particles can attach to bearings and gears of the car and thus cause their severe wear and 

even failure (Wickman, 2007). Moreover, the desertification of earth also raises the 

significance of machine reliability in a sand-dust environment (Reynolds et al., 2007).  

 
 

 
Fig. 2.9. The humidity effect on the friction coefficient of DLC films (Donnet and Erdemir, 
2007).  
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Table 2.1. Friction coefficients and wear rates for diamond coatings and various DLC films. 
(Erdemir and Donnet, 2006). 
 

 Diamond 
coatings 

Hydrogen free 
DLC 

Hydrogenated 
DLC 

Modified/doped 
DLC 

Atomic 
structure 

sp3 sp2 & sp3 sp2 & sp3 sp2 & sp3 

Hydrogen 
content 

- >1% 10-50%  

�� in vacuum 0.02-1 0.3-0.8 0.007-0.05 0.03 

�� in dry N2 0.03 0.6-0.7 0.001-0.15 0.007 

�� in dry air 5-
15% RH 0.08-0.1 0.6 0.025-0.22 0.03 

�� in humid air 
15-95% 0.05-0.15 0.05-0.23 0.02-0.5 0.03-0.4 

�� in water 0.002-0.08 0.07-0.01 0.01-0.7 0.06 

�� in oil  0.03 0.1 0.1 

k in vacuum 1-1000 60-400 0.0001  

k in dry N2 0.1-0.2 0.1-0.7 0.00001-0.1  

k in dry air 5-
15% RH 1-5 0.3 0.01-0.04  

k in humid air 
15-95% 0.04-0.06 0.0001-400 0.01-1 0.01-1 

k in water 0.0001-1  0.002-0.2 0.15 

k in oil - - - 0.1 

*k  referes to wear rate [10-6mm3(Nm)-1].  

 

DLC films exhibit an excellent lubrication for the components in a sand-dust 

environment. Such lubrication performance depends on the parameters such as load and 

the radius of sand particles (Qi et al., 2010). The presence of sand particles can generally 

decrease the friction force of the DLC films, due to the rolling movement of these particles. 
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The large-sized sand particles can highly reduce the friction force of these films but 

increase their wear rate. This is because the large-sized particles can roll easily during the 

friction process while also causes a high contact stress to the films and thus cause their 

severe abrasive wear (Qi et al., 2011a). It has been found that a high load can reduce the 

wear rate of the films by causing the fragmentation of the sand particles (Qi et al., 2011b). 

This is because these fragmentations make the sand layer become smooth and thus reduce 

the contact stress of the films.  

 

2.2.2. Lubrication influence  

The sensitivity of tribological behaviors of DLC films to their composition and 

working atmosphere determines that only few of them can work alone during their 

applications for a long time. These sensitivities indicate that the employment of other 

lubricants is necessary to improve and stabilize the friction and wear of the DLC films. 

Therefore, it is significant to investigate the tribological behaviors for these films in a 

boundary-lubricated condition. This investigation is also pursued due to the real working 

conditions of the DLC films. Commonly, it is not economically viable to coat all 

workpieces in a machine. As a result, the DLC-coated workpieces still work under the 

lubrication condition and use the lubricants supplied for uncoated workpieces.  

Tribological behaviors of DLC films under a lubricated condition follow a standard 

Striebeck curve (Czichos and Habig, 2010), as shown in Fig. 2.10. It is evident that 

compared with steel the DLC films can highly reduce the friction coefficient in a boundary-

lubricated condition and ensure a fast transition of lubrication from boundary-lubricated to 

elastohydrodynamics (EHD). Therefore, the DLC films generally exhibit a better 
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tribological behavior than bare workpiece surfaces in either dry sliding or lubrication 

conditions. For extreme cases such as complete loss of lubricants and the malfunction of 

lubricating system, the DLC films can efficiently improve the friction and wear resistance 

of components over a wide range of the load, velocity and temperature and thus highly 

extend their lifetime.  

It should be noticed that DLC films coated on the surface of steel have negligible 

effects of its friction and wear under EHD and hydrodynamics conditions (Donnet and 

Erdemir, 2007). This is attributed to that solid/solid contact is absent in the EHD and 

hydrodynamics conditions and the friction is determined by physically intrinsic properties 

of lubricants as liquid.  

Under a boundary-lubricated condition, the DLC/steel pairs exhibit a smooth and low 

friction coefficient at the beginning of friction (Podgornik et al., 2003; Podgornik et al., 

2005). This is due to the fact that the steel surface can be smoothed rapidly by the hard 

DLC films and thus cause the formation of graphitic transfer layers. However, the 

DLC/DLC pairs show a relatively long running-in period (Donnet and Erdemir, 2007), 

which is attributed to that two hard surfaces in contact take a long time to accommodate to 

each other.  

Under boundary-lubricated conditions, the friction and wear of hydrogenated DLC 

films are insensitive to the liquid lubricants, their additive type and concentration (Donnet 

and Erdemir, 2007). This is due to the fact that these films are inert and hardly react with 

the lubricants and their additives. However, a high dependence can be observed for the 

metal-doped DLC films. When the liquid lubricants contain the sulfur-based additives, 

such additives can react with the graphitic transfer layers and form a new type of tribofilm 
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such as MoS2 and WS2 for Mo- and W-doped DLC films, respectively (Podgornik et al., 

2005; de Barros' Bouchet et al., 2005; Miyake et al., 2004). These new tribofilms have 

laminar structures and are easy to shear, thus highly reducing friction.  

 

 

Fig. 2.10. Effect of DLC films on the friction coefficient of components in a lubricated 
condition (Donnet and Erdemir, 2007).  
 

Additive concentration largely influences the tribological behaviors of the metal-

doped DLC films. For example, when concentration of the sulfur-based additive is low, its 

quantity is insufficient to support the formation of dense MoS2 or WS2 films; when such 

concentration is high, sulfur-rich films that have high shear resistances are formed (Donnet 

and Erdemir, 2007). Both the extremely low and high additive concentrations can largely 

increase the friction force. As a result, a mediate concentration of the additive is commonly 

required to achieve the low friction by causing the fast formation of dense easy-shear 

tribofilms.  

Recently, the emerging two-dimensional materials such as graphene have attracted 

wide attentions due to their superior mechanical properties and superlow friction 
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coefficient. It was found that such two-dimensional materials can work as additives of 

lubricants for DLC films to largely reduce their friction coefficient and increase their 

lifetime (Liu et al., 2012; Liu et al., 2011a; Liu et al., 2011b). This is due to the fact that 

flakes of the two-dimensional materials tend to agglomerate at the interface between the 

DLC films and their counterparts. Such agglomerates are easy to shear and thus highly 

reduce the shear resistance.  

 

2.3. MD simulation  

2.3.1. Principles  

MD simulation is a technique to determine the evolution of a system based on given 

initial positions of atoms and their velocities and predict its fast non-equilibrium processes 

(Rapaport, 2004). As a result, the MD simulation has been widely used to investigate 

material properties such as tribological behaviors, deformation mechanisms and atomic 

diffusions.  

MD simulation is conducted based on the Newton equation of motion   

  ,  (2.8) 

where mi ,  and  are the mass of the i-th atom, its position and force vectors, 

respectively; t is the time. For the i-�W�K���D�W�R�P�����L�W�V���D�F�F�H�O�H�U�D�W�L�R�Q���R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���1�H�Z�W�R�Q�¶�V��

equation of motion can help to update its velocities and positions by performing a step-by-

step numerical integration of such equation. As a result, the velocities and positions of all 

the atoms in a system can be obtained by repeating such calculations and integrations. The 

whole process of the MD simulation is to repeatedly predict movements of the atoms and 
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monitor the thermodynamics states of systems and will be stopped when the quantities of 

interest such as the trajectory, temperature, pressure and density of materials have been 

recorded. The procedure of the MD simulation is shown in Fig. 2.11.  

It is noticed that the acceleration of an atom is calculated based on the forces imposed 

by its surrounding neighbors. Such calculation is significant to ensure the accuracy and 

simplicity of MD simulation. These forces can be obtained according to their relation with 

interatomic potential as  

  ,  (2.9) 

with 

  ,  (2.10) 

where V is the interatomic potential, and V1, V2 and V3 are one-, two- and three-body 

interactions, respectively. The V1 is commonly absent unless an external field is present. 

The V2 is purely pairwise interaction which is sufficient to describe the atomic interactions 

in some cases. V3 usually considers the effect of the bonding environment of atoms and 

thus is capable of evaluating many physical and chemical properties of materials by 

evaluating their bond breaks and formations.   

In this dissertation, interactions among carbon atoms are described by Tersoff and 

AIREBO potentials. This is because these potentials can accurately describe phase 

transformations in carbon-based materials and their physical and mechanical properties. 

Both the Tersoff and AIREBO potentials are briefly introduced as follows.   
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Fig. 2.11. Flowchart of MD simulation (Li , 2005). 
 

(a) Tersoff potential  

The Tersoff potential was firstly developed by Tersoff based on the concept of bond 

order (Tersoff, 1988; Tersoff, 1989). He found that the strength of a bond between two 

atoms is varied and depends on their local environment such as their coordination number 

which indicates the number of nearest neighbor atoms. The atoms with many neighbors 

possess weaker bonds than those with few neighbors. The Tersoff potential is capable of 

describing interatomic interactions within semiconductor systems such as silicon and 

carbon materials.   

The Tersoff potential has a form shown as  

  ,  (2.11) 
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Update positions and velocities of atoms  
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with 

   ,  (2.12) 

where the fc is the cutoff function to ensure that only the nearest neighbor interactions are 

considered in the Tersoff potential; R and D are parameters used to to justify the nearest 

neighbors; the V(R)(r ij) and V(A)(r ij) functions are terms to represent the repulsive and 

attractive interactions, respectively. Detailed expression of these two functions can refer to 

the literature (Tersoff, 1988).  

 

(b) AIREBO potential  

The adaptive intermolecular reactive empirical bond order (AIREBO) potential was 

developed to model chemical reactions and physical transformations in condensed-phase 

hydrocarbon systems such as polymers, graphite, diamond and amorphous carbon 

materials (Stuart et al., 2000). This potential is derived from the reactive empirical bond 

order (REBO) potential which can model breaks and formation of covalent bonds in the 

carbon and hydrocarbon systems (Brenner et al., 2002). The AIREBO potential further 

considers the nonbonded and dihedral-angle interactions which are also the Torsion 

contribution. The nonbonded interactions are represented by van der Waals interactions 

which exist between two passivated molecules or atoms. Inclusion of the nonbonded 

interactions into the AIREBO potential ensures that it can help to simulate chemical 

reactions in which interactions between two atoms may change from van der Waals forces 

to covalent bonds. The AIREBO potential has a form as  
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  ,  (2.13) 

with  

  ,  (2.14) 

where the VR(r ij) and VA(r ij) are the repulsive and attractive terms, respectively; the 

parameter Bij represents the atomic environment which influences the bond order; the LJ 

term indicates the Lennard-Jones potential which represents van der Waals interactions. 

More details of the REBO, LJ and Torsion terms can refer to the literature (Stuart et al., 

2000).  

In this PhD thesis, the MD simulation is conducted by the Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS) which is an open-source code. 

LAMMPS is capable of simulating solid-state matter, soft materials and coarse-grained or 

mesoscopic systems and can also work as a parallel simulator to model phenomenon at the 

atomic, meso and continuum scale (Plimpton et al., 2007). Moreover, LAMMPS is easy to 

be modified or extended with new capabilities such as new force fields, atom types and 

boundary conditions. Therefore, LAMMPS has a high efficiency and flexibility and thus 

has been widely used to simulate many chemical and physical phenomena.  

 

2.3.2. Simulation of tribology at the nanoscale 

MD simulation is capable of tracking the trajectories of atoms and studying nanoscale 

phenomena which are hardly observed in experiment, and thus can be used to investigate 

the nanoscale tribology and uncover its mechanisms. Many studies by MD simulation have 

been reported to investigate the nanoscale tribology by considering the effect of factors 
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such as lattice orientation, load, velocity, temperature and contact area (Zhang and Tanaka, 

1997; Dong et al., 2013a; Family et al., 2000; Braun and Naumovets, 2006; Szlufarska et 

al., 2008; Vanossi et al., 2011). It has been reported that the lattice orientation of materials 

influences their friction by inducing the contact interface with commensurate or 

incommensurate patterns (Dong et al., 2013a). The commensurate contact pattern usually 

induces a high friction, while the incommensurate contact pattern can cause a low friction 

which is also called structural lubricity. The difference between these two contact patterns 

can be seen in Fig. 2.12 where both the upper and lower layers are graphene (Hod, 2012). 

Different contact patterns can be obtained by rotating the upper layer. For the 

commensurate contact pattern, the atom positions of two layers coincide from an upper 

view. However, such coincidence is absent for the incommensurate contact pattern (Dong 

et al., 2013a).  

Dong et al. (2011) elucidated the mechanisms of friction dependent on contact patterns 

by analyzing the stress distributions on the contact interface. They found that the 

commensurate contact only shows homogeneous positive shear stresses while the 

incommensurate contact exhibits positive and negative shear stresses in different regions. 

These positive and negative stresses can induce a partial slip in subsets of the 

incommensurate contact interface, thus easily causing sliding at the contact interface and 

highly reducing the friction.  

Contact area at the nanoscale still highly influences the friction. Mo et al. (2009) found 

that the real contact area at the nanoscale is not a circular or continuum area but discretely 

distributes around atoms on the contact interface (Fig. 2.13). The real contact area can be 

calculated by summing up all the discrete areas and has a linear proportion to the friction 
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force. Therefore, the friction law at the nanoscale can be denoted as  

  ,  (2.15) 

where Ff is the friction force, �2 shear stress at the contact interface and A the real contact 

area. The Eq. 2.15 has a same form as the Bowden-Tabor term at the macroscale and thus 

demonstrates its validation at the nanoscale (Bowden and Tabor, 1942; Eder et al., 2015).  

 

 

Fig. 2.12. Illustration of the commensurate contact (a) - (b) and incommensurate contact 
(c) - (d), where (a) and (b) are tilted view, and (c) and (d) are upper view (Hod, 2012). 
 

Load also highly influences friction at the nanoscale. It has been found that the load 

has a linear relation with the friction when the adhesion at the contact interface is weak 

while such relation becomes nonlinear for a strong interfacial adhesion. This is because the 

increased interfacial adhesion can change the relation of the load and contact area from 

linear to nonlinear. Moreover, a zero load cannot eliminate friction, due to the fact that 

contact area is nonzero because of the interfacial adhesions. Elimination of the friction 

requires a negative load that is a pull force to overcome the interfacial adhesions to obtain 

(a) 

(c) (d) 

(b) Misfit angle 

Sliding 
direction  



Chapter 2. Literature review 

41 

 

a zero contact area.   

 

 

Fig. 2.13. Atomic configuration of contact at the nanoscale (Mo et al., 2009): (a) and (b) 
are atomic configuration, (c) is the outline of the contact area. 
 

A high temperature commonly causes the friction reduction. This is due to the fact that 

such high temperature can highly reduce the shear modulus of materials. Moreover, the 

high temperature can largely decrease the energy barrier to realize sliding at contact 

interfaces and thus reduce the shear resistance and the friction force (Dong et al., 2013b).  

A high velocity may reduce the nanoscale friction by increasing the friction 

temperature at the contact interface. However, this is not true and can be influenced by 

details in the MD simulation such as the potential defined, test conditions and materials. 

For example, in a Cu/Fe system, the friction force increases for the velocity below a critical 

value while decreases when the velocity is larger than such value (Lin et al., 2012).  

MD simulation has also been used to investigate tribological mechanisms of DLC 

films in past decades by considering the effect of their element passivations and 

graphitization.  
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For non-hydrogenated DLC films, many dangling �1 bonds exist on their surface. The 

contact of such films can cause the formation of many covalent C-C bonds across their 

contact interface by tribochemical reactions. These bonds induce a strong interfacial 

adhesion and highly increase the friction force of the DLC films (Schall et al., 2009; 

Harrison et al., 2008; Gao et al., 2002). It was further found that the unsaturated sp atoms 

are initiation sites for the tribochemical reactions (Gao et al., 2002; Schall et al., 2009). 

The interfacial adhesion can be highly reduced when the surface of DLC films is 

passivated by H atoms. This is because such H-passivations can highly reduce the amount 

of surface dangling �1 bonds (Hayashi et al., 2011; Bai et al., 2012), as shown in Fig. 2.14. 

In this case, the interactions at the contact interfaces of the DLC films are dominated by 

van der Waals forces between H atoms, thus causing a low friction force. It was found that 

the H-passivations also promote the cleavage of the C-C bonds across the contact interface 

(Hayashi et al., 2011). Such cleavages also contribute to the friction reduction. Moreover, 

the tribochemical reactions also cause the low friction (Gao et al., 2002). These reactions 

may induce the formation of H2 molecules at the interface between DLC films and thus 

significantly reduce their interfacial adhesion.   

Gao et al. (2002) found that friction forces of thick and thin DLC films are almost 

identical and demonstrated that the thickness of these films hardly influences their 

tribological behaviors at the nanoscale. This indicates that the friction of the DLC films is 

dominated by their structures near their surfaces.  

The graphitization of DLC films is also responsible for their low friction at the 

nanoscale. Such graphitization can induce the presence of a soft layer which has a small 

elastic modulus and thus is easy to shear, resulting in the friction reduction (Gao et al., 
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2002; Harrison et al., 2008). It is also found that the graphitization can induce the presence 

of a graphene-like layer (Fig. 2.15) at a large load (Ma et al., 2014; Ma et al., 2011; Ma et 

al., 2009). Such layer highly reduces the friction force of the DLC films, due to the weak 

interfacial adhesion dominated by van der Waals interactions.  

 

 

Fig. 2.14. Mechanisms of friction reduction of DLC films by H-passivations (Hayashi et 
al., 2011).  
 

The graphitization of DLC films was commonly caused by the instability of their 

structure at high temperatures. Kunze et al. (2014) reported that sp3-sp2 transitions of the 

DLC films can also happen during their elastic deformation. It was later found that sp3 

atoms with sp2 neighbors are the initiation sites for these sp3-sp2 transitions (Bai et al., 

2016b).  

The wear mechanisms of DLC films have only been studied in few MD simulation 

studies. Kunze et al. (2014) reported that the soft layer caused by graphitization of the DLC 

films is the precursor to their wear debris. Sha et al. (2013) found that wear of these films 

is linearly proportional to their normal load and sliding distance and is mainly caused by 
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shear tractions. Such tractions can induce mass accumulations at the trailing end of contact 

and lead to a cluster detachment process.  

 

 

Fig. 2.15. Formation of graphene-like layers at interfaces between DLC films (Ma et al., 
2011).  

 

2.4. Summary 

The fundamentals of tribology including friction and wear are reviewed and the 

tribology under two-body and three-body contact are discussed in detail. Unique 

phenomena of nanoscale tribology are also briefly presented. Particular attentions are 

devoted to the tribological mechanisms of DLC films in different operational and 

lubricated conditions. The principles of MD simulation as well as its applications in the 

nanoscale tribology are introduced.  
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Chapter 3. Tribological behaviors of DLC films under two-body contact 

A fundamental analysis of the tribological behaviors of DLC films is hardly conducted 

in experiment. This is because their friction and wear are caused by the interactions 

between nanoscale surface asperities that are difficult to be evaluated by equipment. This 

chapter investigates the tribological behaviors of the DLC films at the nanoscale by 

considering the effect of the load, velocity and their surface roughness. The interactions 

between surface asperities are investigated in details, and the friction and wear laws 

governing the tribological behaviors of the DLC films at the nanoscale are demonstrated.  

 

3.1. Modelling  

3.1.1. Atomistic configuration 

The simulation system consists of a diamond tip sliding against a DLC film, as shown 

in Fig. 3.1b. The sliding is realized by setting the diamond tip with a velocity vs along the 

x-direction and a normal load Fn along the z-direction. The periodic conditions of the 

system are set along the x and y-directions.  

The diamond tip that is a half-sphere with a radius of 15 Å is located in the middle of 

the DLC film along the y-direction. Moreover, this tip is set as a rigid body to keep its 

geometry unchanged during the simulation. The DLC film has dimensions of  

Å3. Such film is divided into three layers along the z-direction according to their functions. 

The bottom layer with a thickness of 3 Å is always fixed to keep the film static. The middle 

layer with a thickness of 3 Å is coupled to a thermostat that keeps a constant temperature 

at 300 K by recalling the velocities of atoms. The rest that is the top layer keeps in contact 

with the diamond tip. Atoms in the top layer are free to move according to the forces of 
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their neighbors. More details of the simulation model can refer to our previous studies (Bai 

et al., 2015; Bai et al., 2016a).  

 

 
Fig. 3.1. (a) flowchart of the simulation processes and (b) configuration of the friction 
model with a front view.  

 

The DLC film is obtained via a melt-quenching procedure that is commonly employed 

to obtain amorphous structures. The procedure is comprised of four steps. Firstly, a 

crystalline diamond block with periodic conditions along all the x, y and z-directions is 

generated in a canonical NVT ensemble at 300 K. The temperature of the block rapidly 

increases from 300 K up to be above the melting point of crystalline diamond. The high 

temperature can easily melt the crystalline diamond block. Secondly, the temperature of 

the block is kept constant for about 20 ps to make the liquid carbon thermostatically 

equilibrated. Thirdly, the temperature decreases to 300 K with a rate of 1000 K/ps which 

allows proper relaxations of the amorphous structure. Finally, the residual stress in the 
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block is eliminated by relaxing its amorphous structure in an isothermal�±isobaric NPT 

ensemble at 300 K. More details of the procedure can refer to previous studies (Sha et al., 

2013; Bai et al., 2016a; Bai et al., 2016b).  

 

3.1.2. Simulation methods  

As discussed in Chapter 2, the LAMMPS is used to conduct the MD simulation 

(Plimpton, 1995). The interactions between carbon atoms in the simulation are described 

by the AIREBO potential (Stuart et al., 2000). Particularly, the long-range dispersive 

interactions are neglected, since the diamond tip is easily bonded with the DLC film and 

thus the short-range interactions determine the friction and wear behaviors of the film and 

its sp3-sp2 transitions (Ma et al., 2011). The time step of the simulation is set as 1 fs, and 

their molecular visualizations are conducted by using the software OVITO (Stukowski, 

2009).  

Prior to the friction simulation, a load Fn (2.9, 29, 145, 203, 246.5 or 290 nN) is 

maintained on the diamond tip to make it in contact with the DLC film and the contact is 

to be equilibrated within 30 ps. Following the contact equilibration, the diamond tip starts 

to slide with a velocity vs (1, 2, 4 or 8 Å/ps) to realize the friction simulation and the sliding 

lasts about 160 ps. The surface roughness of the DLC film is generated by tailoring its 

morphology based on the combination of two sine functions that are  and 

 (Hu and Martini, 2015), where A is the amplitude and T is the period. In 

the simulation, T is always set as 10 Å and A is changed to obtain various surface 

morphologies which correspond to the root mean square roughness Rq of 0.707, 1.414, 

2.122, 3.537 and 4.952 Å, respectively. In particular, the vs is set as 1 Å/ps in the cases 
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with different Fn, and the Fn is kept as 246.5 nN in the cases with various vs. The Fn and vs 

are set as 246.5 nN and 1 Å/ps in the cases with different surface roughness, respectively.  

 

Table 3.1. Variables in the simulation and their values.  

Variables Values 

Fn (nN) 2.9, 29, 145, 203, 246.5, 290 

vs (Å/ps) 1, 2, 4, 8 

Rq (Å) 0.707, 1.414, 2.122, 3.537, 4.952 

 

In the simulation, the friction force Ff is evaluated by calculating the tangential forces 

of the diamond tip in the x-direction. The temperature of atoms is calculated according to 

its correlation with their kinetic energies (Rapaport, 2004). Hybridizations states of carbon 

atoms in the DLC film are characterized by calculating their coordination number which 

represents the number of the nearest neighbors within a cutoff length of 2.0 A 

corresponding to the position of first minimum in the radial distribution function of 

amorphous carbon systems described by the AIREBO potential (Chen et al., 2015). The 

fourfold, threefold and twofold carbon atoms are regarded as sp3, sp2 and sp bonded, 

respectively (Sha et al., 2013).  

The number of worn atoms N in MD simulation has been only evaluated in few studies 

(Zhong et al., 2013; Hu and Martini, 2015). According to the fact that the wear of materials 

commonly refers to the loss of their volume or mass at the macroscale, Zhong et al. (2013) 

defined the worn atoms as those removed from substrates. Such definition is improper to 

characterize the wear at the nanoscale, since the nanowear includes not only the removed 
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materials but also all erosions or sideways displacements of atoms from their original 

position (Stachowiak and Batchelor, 2013). In particular, this definition is inaccurate to 

calculate the number of worn atoms at a small load, because in this case these worn atoms 

are still bonded to the substrate instead of removed from it.  

Recently, Hu et al. (2015) qualified worn atoms by evaluating their displacements. 

Such qualification can avoid many limitations of the wear definition discussed above. 

Therefore, this qualification is employed in this study.  

For a mild wear which is determined by atom-by-atom attritions (Bhaskaran et al., 

2010), a worn atom can be conveniently defined as the one whose bonds with its nearest 

neighbors break during the friction process. Such breaks can be caused when the 

displacement of the atom is larger than two-bond length. Since the maximum length of a 

C-C bond in the DLC films is about 2 Å which corresponds to the first minimum in their 

radial distribution functions, the length of 4 Å can be chosen as the displacement criteria 

to estimate the worn atoms. This criterion is also useful to estimate the severe wear of 

materials that is determined by their plastic deformations. Previous studies defined the 

worn atoms as those removed from the wear track (Zhong et al., 2013; Xu et al., 2015). It 

is evident that these atoms have displacements larger than 4 Å. Therefore, the present 

criteria can provide more information of wear than the method employed in the literature 

(Xu et al., 2015; Zhong et al., 2013). 

It should be noticed that the atom displacements larger than 4 Å may also be caused 

by the elastic deformation of DLC films under the indentation of the diamond tip. Such 

deformation can cause errors in the calculation of the worn atoms. In order to eliminate 

these errors, the calculation of the worn atoms is conducted after the completion of the 
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wear process. In this case, the elastic deformation of the DLC films has recovered and 

hardly influences such calculation.   

 

3.2. Results and discussions  

3.2.1. Contact interface  

Fig. 3.2a shows the effect of Fn on the number of bonds nb at the contact interface 

between the diamond tip and the DLC film prior to the sliding of the diamond tip. The nb 

increases with the Fn. It is noticed that the increase rate of the nb is high at a small Fn but 

decreases at a large Fn. The variation of this increase rate is due to the presence of the 

interfacial adhesion, which keeps consistent with observations in the models of JKR and 

DMT (Szlufarska et al., 2008). Moreover, it should be noticed that when the Fn approaches 

to zero, the nb is nonzero. This nonzero nb indicates the existence of bonds at the contact 

interface even at the zero Fn, agreeing well with results in the literature (Mo et al., 2009; 

Szlufarska et al., 2008).  

The sliding of the diamond tip highly influences the nb. Fig. 3.2b shows that the nb 

increases largely with the Fn and the increase rate always keeps high. Moreover, the nb also 

becomes large during the sliding regardless of the Fn. Therefore, it is demonstrated that the 

sliding significantly changes the contact configuration between the diamond tip and the 

DLC film.  

The contact configurations (Fig. 3.3) prior to the sliding of the diamond tip show that 

the large nb at a large Fn is caused by the penetration of the diamond tip into the DLC film. 

These bonds distribute symmetrically around the diamond tip.  
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Fig. 3.2. Number of bonds nb at the contact interface with different loads Fn (a) before and 
(b) during the sliding.  

 

During the sliding of the diamond tip, a large number of bonds are formed at the 

contact interface, and these bonds distribute asymmetrically around the diamond tip. Such 

asymmetrical distribution highly depends on the Fn. At a small Fn, a tail formed by the C 

atoms of the DLC film follows the diamond tip. However, at a large Fn, a chip is formed 

in front of the diamond tip due to its penetration into the DLC film. The different 

distributions demonstrate the presence of diverse tribological behaviors. The tail indicates 

the occurrence of adhesive friction and wear, while the chip formation shows the 
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occurrence of abrasive friction and wear. It is found that the chip attaches to the diamond 

tip and highly increases the nb, which is responsible for the high increase rate of nb during 

the sliding (Fig. 3.2b).  

 

 
Fig. 3.3. Evolution of the contact between the diamond tip and the DLC film with the load 
of (a) 2.9 nN and (b) 290 nN when the sliding distance L increases from 0 Å to 100 Å.   

 

3.2.2. Load effect  

The relation of Ff with Fn is present in Fig. 3.4a. The Ff increases as a nonlinear 

function of Fn instead of its linear function as observed in the literature (Mo et al., 2009). 

This may be due to the fact that the present Fn (about 290 nN) is larger than that (about 100 

nN) in the literature (Mo et al., 2009). The Ff at such a small Fn only exhibits a linear 
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proportion instead of a nonlinear function. Moreover, the Ff at the zero Fn is still quite high. 

This high Ff is due to the nonzero nb in this case, which keeps consistent with results in the 

previous study (Mo et al., 2009).  

The Ff also increases with the nb (Fig. 3.4b). Due to the friction transition from 

adhesive to abrasive, the increase of Ff may be different from the Bowden-Tabor model 

which shows a linear dependence of adhesive Ff on nb. Since the adhesive friction occurs 

at a small Fn in the present study (Fig. 3.3a), the proportional constant c between Ff and nb 

can be calibrated at a small Fn. The function Ff = cnb of the Bowden-Tabor model is plotted 

as the dotted line in Fig. 3.4b. It is evident that at a large Fn the value on this line is higher 

than the Ff in the MD simulation, indicating that the Bowden-Tabor model is inapplicable 

for the abrasive friction of the DLC film.  

To explore more details of the inapplicability of the Bowden-Tabor model, comparison 

between this model and the MD simulation is further conducted through the friction process, 

as shown in Fig. 3.4c. At a small Fn, the Bowden-Tabor model keeps consistent with the 

MD simulation through the whole friction process. At a large Fn, the consistence is present 

during the running-in period (the distance L < 50 Å), but Ff in the MD simulation decreases 

in the following sliding. It is noticed that the disappearance of the consistence is initiated 

by the formation of the chip in front of the diamond tip.  

The friction reduction after the formation of chip can be elucidated by analyzing the 

microstructures at the contact interface (Fig. 3.5). At a small Fn, the sliding of the diamond 

tip only moves few atoms of the DLC film. Therefore, the sliding happens at the contact 

interface and the Ff is proportional to the interfacial adhesion strength which is linearly 

related to nb. As a result, the Ff exhibits a linear dependence on the nb.  
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Fig. 3.4. (a) Load Fn dependence of friction force Ff and (b) its correlation with the number 
of bonds nb at the contact interface; (c) comparison of the MD simulation (solid line) and 
the Bowden-Tabor model (dashed or dotted line). The prediction of this model is also 
plotted as the dotted line in (b).   
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At a large Fn, however, the diamond tip moves many C atoms of the DLC film in front 

of or beneath the tip. These moving C atoms actually form the transfer layer, which attaches 

to the diamond tip and isolates it from the film. As a result, the sliding occurs as a relative 

movement between the transfer layer and the film.   

 

 

Fig. 3.5. Contours of atom displacement with the load of (a) 2.9 nN and (b) 290 nN during 
stable friction. The large atoms belong to the diamond tip, and the small atoms are those 
of the DLC film.  

 

Since the sliding happens as the internal friction of the DLC film, the Ff in this case is 

determined by the rheological properties of this film instead of the nb. The rheological 

properties of amorphous solids highly depend on their microstructures and temperature 

(Alexander, 1998; Chattoraj et al., 2010). The microstructures of the DLC film can be 
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characterized by the fraction of sp2 atoms f1, as shown in Fig. 3.6a. The f1 highly increases 

with the Fn.  

Fig. 3.6b further shows that the friction temperature Tf is largely raised at a large Fn. 

The large f1 of the DLC film commonly indicates its small elastic modulus (Savvides and 

Bell, 1993), and the high Tf of such film can further soften its microstructure and degrade 

its mechanical properties (Ferrari et al., 1999). As a result, the DLC film with a large Fn is 

easy to shear and thus its Ff is highly reduced.  

It has been discussed that the Bowden-Tabor model can only predict the Ff in the 

running-in period which is the stage before the formation of the transfer layer (Fig. 3.4c). 

This indicates that even in a same friction process the friction mechanism also evolves. The 

validation of the Bowden-Tabor model is due to the low Tf and a small f1 in the running-in 

period. In this case, the bonds between the diamond tip and the DLC film hardly cause the 

collective movement of film atoms to form transfer layer. As a result, the sliding of the 

diamond tip happens at the contact interface and thus the Ff is linearly proportional to the 

nb.  

The invalidation of the Bowden-Tabor model for the abrasive friction in this study is 

different from results in the literature (Eder et al., 2015). It has been reported that this 

model can well predict the abrasive friction of iron at the nanoscale. This validation of the 

model may be due to the weak interfacial adhesion because of van der Waals interactions 

at contact interfaces (Eder et al., 2015). This weak adhesion hardly induces the formation 

of transfer layers, and thus the sliding still happens at the contact interface.  

The significance of the transfer layer on the friction reduction of DLC films keeps 

consistent with many experimental studies (Bai et al., 2011; Wang et al., 2013). It is found 
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that such layer is commonly sp2-dominant and exhibits easy-shear properties. Since this 

layer can efficiently prevent the direct contact between the film and its counterpart, the 

sliding actually happens as the relative movement of the transfer layer and the film, leading 

to the friction reduction.  

 

 
Fig. 3.6. (a) Evolution of the fraction of sp2 atoms f1 in the DLC film with sliding distance 
L, and (b) the dependence of average friction temperature Tf on the load Fn.  
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The present study demonstrates that the increase of Fn can change the friction 

mechanisms. At a small Fn, Ff linearly depends on nb. At a large Fn, such linear dependence 

is absent due to the formation of the transfer layer which promotes the sliding inside the 

DLC film.  

In the previous simulation studies of nanotribology (Mo et al., 2009; Kim and Kim, 

2009; Eder et al., 2015), the number of contact bonds as well as the real contact area are 

commonly responsible to the determination of the Ff. In the experimental studies of 

macroscale tribology of DLC films (Erdemir and Donnet, 2006; Liu et al., 1996b), it is 

found that their friction reduction at a large Fn is due to their high fraction of sp2 atoms. 

Present study shows that both of these friction mechanisms are addressed together in the 

nanotribology of DLC films. 

The load Fn influences not only the friction force Ff of the DLC film but also its wear 

volume which is represented by the number of worn atoms N, as shown in Fig. 3.7a. A 

large Fn significantly increases the N. In particular, the increase rate of N is the wear rate 

k. At a large Fn, the k is large in the running-in period but decreases after the formation of 

the transfer layer. The change of the k keeps consistent with the variation of the Ff (Fig. 

3.4c). Therefore, it can be seen that the layer can efficiently reduce both the Ff and k. After 

the formation of the transfer layer, the k stabilizes.  

The wear performance of DLC films can be further studied by comparing their stable 

k at different Fn (Fig. 3.7b). The k increases as a quadratic function of the Fn, which is 

different from their linear relation in literature (Hu and Martini, 2015). The difference is 

attributed to that the small Fn in the previous study determines that the wear is dominated 

by adhesion.   
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Since wear is essentially caused by the friction, the relation between k and Ff is 

commonly significant to understand the tribological mechanisms of the DLC film. Fig. 

3.8a shows that the k quadrically depends on the Ff. This dependence can be explained 

from the point of energy dissipation (Singer, 1994; Hu et al., 2013). When the Ff is small, 

the friction energy is mostly dissipated by phonon vibrations and heat diffusions and thus 

only a few amount of such energy is left to cause worn atoms.  

 

 
Fig. 3.7. (a) Evolution of the number of worn atoms N in DLC films with the sliding 
distance L, and (b) the dependence of the wear rate k on load Fn.  
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When the Ff is large, a large amount of friction energy is dissipated by the formation 

of worn atoms. Moreover, the friction energy dissipated by heat diffusions causes high 

friction temperature which softens the DLC film by inducing its structural transformations 

and thus reduces its wear resistances. As a result, the k increases faster than a linear function 

of Ff.  

The wear highly depends on the interfacial adhesion strength which is proportional to 

nb. This dependence is also the fundamental for Archard law to predict the macroscale wear 

(Archard, 1953). The comparison between the Archard law and the present simulation is 

significant to demonstrate that whether this macroscale law still prevails at the nanoscale, 

as shown in Fig. 3.8b. The Archard law that is initially developed to predict the adhesive 

wear can employ the calculation of , where V is the wear volume, c is the 

proportional constant, A is the contact area and L is the sliding distance. By differentiating 

the V to x and correlating A with nb, the wear rate k1 in the Archard law can be obtained 

with the form of . The constant c2 can be calibrated by using the results with a 

small load Fn of 0.29 nN, since at such Fn the wear is purely adhesive wear.  

The �G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���$�U�F�K�D�U�G���O�D�Z���D�Q�G���W�K�H���S�U�H�V�H�Q�W���V�L�P�X�O�D�W�L�R�Q���L�V���G�H�Q�R�W�H�G���D�V���ûk. 

�,�W���F�D�Q���E�H���V�H�H�Q���W�K�D�W���ûk is almost zero when the nb is smaller than a critical value of 100. 

�+�R�Z�H�Y�H�U�����W�K�H���ûk highly increases when the nb > 100. This critical nb corresponds to a Fn 

of 90 nN (Fig. 3.2c). Therefore, it is demonstrated that the wear with Fn < 90 nN is adhesive 

and can be determined by Archard law. However, the wear with Fn > 90 nN highly 

increases and is contributed by both the adhesion and abrasion.  
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Fig. 3.8. (a) Dependence of the wear rate k of DLC films on their friction forces Ff; (b) 
comparison between MD simulation and the Archard law in term of the relation of k with 
the number of contact bonds nb; (c) the sliding depth h dependence of the difference 
between MD simulation and the Archard law.   
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�7�K�H���D�E�U�D�V�L�Y�H���Z�H�D�U���F�D�Q���E�H���I�X�U�W�K�H�U���H�Y�D�O�X�D�W�H�G���E�\���U�H�O�D�W�L�Q�J���ûk with the sliding depth h, as 

�V�K�R�Z�Q���L�Q���)�L�J�����������F�����7�K�H���ûk increases as a quadratic function of the h. This keeps consistent 

with the calculation of abrasive wear at the macroscale (Bhushan, 2013a) and thus indicates 

the validation of macroscale abrasive law at the nanoscale.   

The wear analysis above shows that the nanoscale wear can still be evaluated by using 

the macroscale wear laws. The adhesive wear rate has a changed expression of , 

and the abrasive wear rate can be denoted by . Therefore, the total wear rate at 

the nanoscale can be obtained as , where c2 and c3 are proportional constants. 

The load-induced transition of wear keeps consistent with experimental results in the 

literature (Ma et al., 2003; Zhang et al., 2008; Charitidis, 2010). It has been reported that 

mechanisms of nanoscale wear highly depend on the load. At a small load, the DLC film 

mainly experiences the elastic deformation, and the wear mechanisms are dominated by 

the adhesion (Yoon et al., 2005). When the load is larger than a critical value, the DLC 

film undergoes a mixed elastic-plastic deformation, and in this case the wear is dominated 

by both the adhesion and the ploughing (Liu and Bhushan, 2002).  

The critical load in the present study is about 90 nN which can cause an average 

contact stress of about 50 GPa. This stress is within the hardness range of DLC films. 

Therefore, it is demonstrated that the critical load at which transition of wear happens 

corresponds to the surface hardness of the DLC film (Bhushan and Kulkarni, 1996). The 

literature predicted that microcomponents under a light load may experience ultralow 

friction and near-zero wear (Bhushan and Kulkarni, 1996). The prediction is absent in the 

present study. This is because tests in the literature are commonly conducted in the ambient 
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conditions. As a result, the interfacial adhesion under a small load is highly reduced 

because of interface passivations by air molecules.  

In particular, the previous study shows that the mechanical properties of materials 

contribute less to their adhesive wear and friction (Zhang et al., 2008). This agrees well 

with the validation of the Bowden-Tabor model and the Archard law at a small Fn in this 

study.   

 

3.2.3. Velocity effect  

Besides the load Fn, the velocity vs can also influence the tribological behaviors of 

DLC films, as shown in Fig. 3.9a. The friction force Ff decreases with vs. This decrease 

keeps consistent with the macroscale and nanoscale experiment observations in the 

literature (Hauert, 2004; Erdemir and Donnet, 2006; Tambe and Bhushan, 2005c; Tambe 

and Bhushan, 2005a).  

Fig. 3.9b shows that the nb also decreases with the vs. The decrease of the nb is 

attributed to that with a high vs large resistant forces are generated by the DLC film to resist 

the penetration of the diamond tip. As a result, the sliding depth h decreases with the high 

vs and causes the decrease of the nb, thus resulting in the friction reduction.  

The vs can also influence the relation between Ff and nb, as shown in Fig. 3.9c. The Ff 

increases with the nb, which is similar to the observations for the cases with different Fn. 

However, a nonlinear relation exists between the nb and the Ff. The increase rate of the Ff 

is high for a small nb but decreases for a large nb. The change of the increase rate of the Ff 

is due to the structural responses of the DLC film to the vs.  
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Fig. 3.9. Effect of sliding velocities vs on (a) the friction force Ff, (b) the number of bonds 
nb at the contact interface and (c) the relation between the Ff and the nb.  
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The high vs represents a high strain rate. At such rate, the DLC film exhibits high 

elastic modulus, because the film has insufficient time to release the external stress by 

experiencing the structural transformation. As a result, the film exhibits more rigid 

behaviors with the high vs and shows a high increase rate of the Ff.  

The vs significantly influences the wear behaviors of DLC films, as shown in Fig. 

3.10a. The wear rate k of the film decreases with the vs. This decrease of the k keeps 

consistent with the decrease of the h. The varied wear behavior closely relates with nb, as 

shown in Fig. 3.10b. The k increases as a nonlinear function of the nb, i.e., the increase rate 

of the k is high for small nb while becomes small for large nb. This nonlinear dependence 

of k on the nb is also attributed to the structural responses of the DLC film to different vs.  

The effect of vs on the tribological behaviors of DLC films has been studied in the 

literature (Liu and Bhushan, 2002; Tambe and Bhushan, 2005c). The friction reduction is 

observed at a large vs and caused by the formation of a graphitic transfer layer with easy-

shear properties that are due to the phase transformation of DLC films (Kim and Kim, 2009; 

Tambe and Bhushan, 2005a). This friction reduction mechanism is verified in the present 

study. It is found that the high vs can induce a high Tf which causes a high level of 

graphitization of the transfer layer. The high graphitization level is beneficial for the 

occurrence of shear.  

The present study also shows that the high velocity can reduce the friction and wear 

by inducing a smaller sliding depth of the diamond tip and thus reducing the formation of 

bonds between the tip and the DLC film. This friction reduction mechanism is seldom 

reported in the literature (Tambe and Bhushan, 2005c; Tambe and Bhushan, 2005a; Tao 

and Bhushan, 2007; Kim and Kim, 2009). This may be because the velocity in these studies 
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which commonly employ atomic force microscope to conduct friction tests is quite small. 

As a result, the reduction of the sliding depth caused by the small velocity is negligible and 

hardly measured.  

 

 
Fig. 3.10. (a) Effect of sliding velocities vs on the wear rate k and (b) its relation with the 
bond number nb at the contact interface.  
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given in Fig. 3.11a-b. With the increase of the root mean square roughness Rq, the Ff 

increases monotonically while the k firstly decreases to a minimum value and then 

increases.  The presence of the minimum k indicates that the nanotribology is different 

from the macrotribology in which a high surface roughness commonly causes large Ff and 

k.  

The surface roughness can also influence the adhesion strength at the contact interface 

by influencing the real contact area (Jacobs et al., 2013; Ryan et al., 2014). Fig. 3.11c 

shows that nb firstly decreases to a minimum value and then increases. The decrease of nb 

at a small Rq indicates the decrease of the adhesion strength. The increase of nb at a large 

Rq is attributed to that the surface asperities in this case easily yield during the friction 

process and become chips attaching to the diamond tip.  

The varied trend of nb is similar to that of the k. This demonstrates that the increase of 

surface roughness can induce transitions of wear from adhesive to abrasive. This 

demonstration keeps consistent with results in the literature (Zhang and Tang, 2013; 

Gnecco et al., ������������ �G�¶�$�F�X�Q�W�R, 2004). These studies reported that the increase of the 

surface roughness can highly suppress the adhesive wear but promote the abrasive wear. 

Hu et al. (2015) even proposed an equation to combine both the adhesive and abrasive 

wear in term of Rq, that is , where V is the wear 

volume,  b1, b2, b3 and b4 are constants. This equation shows that V and k surely have a 

minimum value when the surface roughness increases, thus validating the results in the 

present study.  

However, the physical mechanisms for the presence of the minimum k still lack 

detailed explanations. Since such minimum k appears for both the DLC film in the present 
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study and other materials in the literature (Hu and Martini, 2015), it is evident that the 

mechanisms responsible for this appearance should be attributed to common properties of 

materials.  

It is found that the presence of the minimum k can be interpreted by the dependence 

of wear performances of materials on their mechanical modulus. The adhesive wear of 

materials is dominated by their shear modulus (Bera, 2013) while their abrasive wear 

�F�O�R�V�H�O�\���F�R�U�U�H�O�D�W�H�V���Z�L�W�K���W�K�H�L�U���<�R�X�Q�J�¶�V���Podulus (Harrison et al., 1979). For homogeneous 

�P�D�W�H�U�L�D�O�V���� �W�K�H�L�U�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �L�V�� �O�D�U�J�H�U�� �W�K�D�Q�� �W�K�H�L�U�� �V�K�H�D�U�� �P�R�G�X�O�X�V�� �G�X�H�� �W�R�� �W�K�H�� �U�H�O�D�W�L�R�Q��

�E�H�W�Z�H�H�Q�� �W�K�H�V�H�� �P�R�G�X�O�X�V�� �L�Q�� �L�V�R�W�U�R�S�L�F�� �+�R�R�N�H�¶�V�� �O�D�Z��(Shames, 1997). As a result, when the 

roughness-induced transition of wear from adhesive to abrasive happens, materials become 

�G�L�I�I�L�F�X�O�W���W�R���E�H���Z�R�U�Q���G�X�H���W�R���W�K�H�L�U���K�L�J�K���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���� �,�Q���W�K�L�V���F�D�V�H�����W�K�H���G�H�F�U�H�D�V�H���R�I���W�K�H��

adhesive wear plus a slight increase of the abrasive wear induce the presence of the 

minimum k.  

For DLC films, �W�K�H�L�U���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���L�V���P�X�F�K���K�L�J�K�H�U���W�K�D�Q���W�K�H�L�U���V�K�H�D�U���P�R�G�X�O�X�V�����7�K�L�V��

is because the structures of these films are sensitive to their shear deformations (Gogotsi et 

al., 1998; Gilman, 1995; Car, 1996; Gogotsi et al., 1999). Bai et al. (2016) reported that 

the shear strains can highly promote the propagation of sp2 clusters in DLC films and thus 

degrade their mechanical properties�����7�K�H�U�H�I�R�U�H�����W�K�H���K�L�J�K�H�U���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I��these films 

further ensures the presence of their minimum k.  

The increase of the k with a large Rq is due to the fact that the wear in this case is 

dominated by the abrasive wear. The asperities of the rough surface of DLC films become 

worn atoms under the sliding of the diamond tip, thus highly increasing the k.  
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Fig. 3.11. Effect of surface roughness of the DLC film on (a) its friction force Ff, (b) wear 
rate k and (c) number of bonds nb at the contact interface.  
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It is noticed that the Ff always increases even when the minimum k is present. The 

increase of Ff �L�V���D�O�V�R���G�X�H���W�R���W�K�H���K�L�J�K���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���W�K�H���'�/�&���I�L�O�P�����7�K�L�V���K�L�J�K���P�R�G�X�O�X�V��

can ensure that the surface asperities of the film can largely resist the sliding of the diamond 

tip and thus increase the Ff.  

The effect of surface roughness has been widely studied. The macroscale surface 

roughness can increase the friction and wear due to the interlocking between the surface 

asperities (Erdemir and Donnet, 2006). At the nanoscale, a large surface roughness can also 

cause the increase of the friction and wear due to the occurrence of ploughing (Ruan and 

Bhushan, 1994; Bhushan, 2005; Gupta et al., 1994). These observations keep consistent 

with the large increase of Ff and k for a large Rq in this study.  

The minimum k caused by the surface roughness is never reported in the experimental 

studies. This is due to the fact that the surface roughness corresponding to the minimum k 

is hardly obtained during the fabrication of DLC films in experiment (Peng et al., 2001; 

Moseler et al., 2005). However, the presence of the minimum k still demonstrates the non-

monotonic effect of the surface roughness and may provide a guidance for the wear 

resistance improvement of DLC films by tailoring their morphologies.  

 

3.3. Summary   

The nanotribological behaviors of DLC films are studied by MD simulation. The 

friction mechanisms of the film highly depend on the load. At a small load, the friction is 

determined by the adhesion force and thus keeps consistent with the Bowden-Tabor model. 

However, at a large load, the friction is reduced by the formation of graphitic transfer layer 

and deviate from the Bowden-Tabor model. Such reduction is due to the fact that the 
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transfer layer is easy to shear because of the high fraction of sp2 atoms and the high friction 

temperature. The wear mechanisms of the DLC film also exhibit the load dependence. At 

a small load, the film wear is almost pure adhesion and thus follows the Archard law. At a 

large load, the wear is contributed by both the adhesion and abrasion, which keeps 

consistent with the experimental results in the literature. The effects of the velocity and 

surface roughness of the DLC film are also investigated. It is found that the high velocity 

can reduce the friction force and wear rate by reducing the number of bonds formed 

between the tip and the film. The large surface roughness can increase the friction force 

but cause a minimum wear rate by causing the transition of wear from adhesive to abrasive.   
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Chapter 4. Tribological behaviors of DLC films under three-body contact 

The tribological behaviors of DLC films are highly influenced by third particles which 

may be formed during the wear process or come from the environment. Such influence is 

hardly studied in experiment due to the fact the difficulty to observe the movement of the 

third particle and the evolution of contact interfaces between the DLC films. This chapter 

investigates the effects of the third particle by considering its shape and size, the load and 

velocity. The simulation results are helpful for the understanding of the tribological 

mechanisms of the DLC films under a three-body contact condition.  

 

4.1. Modelling  

4.1.1. Atomistic configuration  

The simulation system consists of two relatively sliding DLC films and a particle 

located at the interface between them (Fig. 4.1). The relative sliding is realized by setting 

the upper and lower film with a velocity of 0.5vs and -0.5vs along the x-direction, 

respectively. During the sliding, a load is applied by maintaining a force Fn to the upper 

film along the y-direction. The periodic boundary conditions of the system are set along its 

x and z-directions.  

The particle has the diamond crystalline structure and is set as a rigid body to avoid its 

wear during the simulation. The spherical, cubic and cuboidal particles are generated to 

study the effect of their shapes. The spherical particle has a radius r of 12 Å. The cube and 

cuboid particles have dimensions of  Å3 and  Å3, respectively. A 

small spherical particle with a r of 10 Å is also generated to study its size effect.  



Chapter 4. Tribology under three-body contact 

74 

 

The DLC films in the simulation are obtained by the melt-quenching procedure 

discussed in Chapter 3 and have dimensions of  Å3. Each of the films is 

defined into three different layers from the contact interface to subsurface along the y-

direction: Newtonian, thermostatic and rigid layers. The Newtonian layer with a thickness 

of 18 Å is in contact with the diamond ball and contains atoms that are free to move under 

the forces of their neighbors. The thermostat layer with a thickness of 3 Å keeps a constant 

temperature of 300 K to dissipate the friction energy. The rigid layer with a thickness of 4 

Å can help to maintain velocity. Moreover, the rigid layer in the upper film is set to take 

Fn along the y-direction while that in the lower film is prohibited to move along the same 

direction. More details of the simulation model can refer to our previous studies (Bai et al., 

2015; Bai et al., 2016a).   

 

 

 
Fig. 4.1. Atomic configuration of the simulation model with (a) the front view and (b) the 
side view. The model consists of two relative sliding DLC films with a third particle located 
between them.  
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4.1.2. Simulation methods 

The atomic interactions are described by the Tersoff potential due to its efficiency in 

modelling large systems (Stuart et al., 2000). The time step of the simulation is set as 1 fs, 

and their molecular visualizations are conducted via the software OVITO (Stukowski, 

2009).  

Prior to the friction simulation, a load Fn (7.8, 39.2, 78.4, 117.6 and 196 nN) is applied 

to the upper DLC film to cause contact between the particle and the films. The contact is 

equilibrated within in 30 ps. After the equilibration period, the films start to relatively slide 

and the relative velocity vs is set as 2, 5, 7 and 10 Å/ps, respectively. In the cases with 

different Fn, vs is kept as 2 Å/ps. The Fn is set as 196 nN for the cases with various vs. In 

the cases with different shapes and sizes of particles, the Fn and vs are set as 196 nN and 2 

Å/ps, respectively. The total sliding distance is always kept as 300 Å. Hence, the sliding 

tracks overlap in each simulation due to the periodic condition in the x-direction. The 

overlapping hardly changes the wear rate and the friction force, thus indicating that this 

study actually investigates the phenomenon in the running-in period of wear tests in 

experiments. 

 

Table 4.1. Variables in the simulation and their values.  

Variables Values 

Fn (nN) 7.8, 39.2, 78.4, 117.6, 196 

vs (Å/ps) 2, 5, 7, 10 

r 10, 12 
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The friction force Ff is calculated by summing up the forces of atoms in the rigid layer 

of the upper DLC film along the x-direction. The number of worn atoms N is simply 

calculated by evaluating their displacements based on the criteria discussed in Chapter 3 

(Hu and Martini, 2015). The wear rate k is calculated as , where N is the number 

of worn atoms and L is the sliding distance. The average k of two DLC films is employed 

to indicate their wear performance. The hybridization states of C atoms are also evaluated 

by calculating their coordination number, as discussed in Chapter 3 (Bai et al., 2016b). The 

temperature of atoms is calculated according to its correlation with their kinetic energies 

(Rapaport, 2004).  

 

4.2. Results and Discussions  

4.2.1. Contact interface 

The load effect is considered in the cases with a spherical particle. The sliding 

configuration in Fig. 4.2 shows that many covalent bonds are formed at the interface 

between the particle and the DLC films, indicating that the sticky DLC networks attach to 

the spherical particle. These bonds cause the strong interfacial adhesion and thus influence 

the movement of the particle that can be evaluated by calculating its mass-center velocity. 

It is found that with such strong adhesion the spherical particles undergo pure rolling in the 

friction process. This is consistent with observations in the literature (Sun et al., 2013a). 

The sliding configuration demonstrates that the friction and wear of the DLC films with a 

rolling third particle may closely relate with adhesion.  
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Fig. 4.2. Atomic configuration of the friction process with a spherical particle. 

 

4.2.2. Load effect  

When the load Fn increases, the Ff of the DLC films increases (Fig. 4.3a). The increase 

of Ff is because a large Fn can penetrate the particle into the films and thus increase the 

interfacial adhesion strength. This can be verified by the increase of the number of bonds 

nb at the contact interface with the Fn (Fig. 4.3b). The nb is the total number of bonds formed 

between the particle and the films, due to the fact that all these bonds contribute to the 

interfacial adhesion.  

Recent theoretical studies showed that at the nanoscale Ff is linearly proportional to nb 

which represents the real contact area, indicating the validation of the macroscale Bowden-

Tabor model at the nanoscale (Mo et al., 2009; Eder et al., 2015). The configuration in Fig. 

4.2 has shown that the friction and wear highly depend on the interfacial adhesion due to 

the pure rolling of the particle. Therefore, the Ff in the three-body contact condition should 

also be closely related with nb. In this case the relation between the Ff and nb in the three-

body contact condition is firstly studied, as shown in Fig. 4.3c. It can be seen that this 

relation can be regarded as linear with a small nb but becomes nonlinear when the nb is 

large. Such relation evolution indicates that at a small load Fn the friction is simply 
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determined by the interfacial adhesion strength while at a large Fn the friction is dominated 

by both the adhesion and other factors.  

At a large Fn, the spherical particle highly penetrates into DLC films, which can be 

verified by the increase of the sliding depth of the spherical particle (Fig. 4.4a). As a result, 

the large deformations of the films can be caused by the spherical particle and highly resist 

their sliding, thus increasing the Ff. This keeps consistent with results in the literature (Lee 

et al., 2009). It has been reported that the rolling friction can be highly generated by the 

energy dissipation involved in the deformation of materials (Miura et al., 2003). Sun et al. 

(2013a) further found that the ploughing is a significant factor in determining the three-

body friction and wear within the elastic-plastic regime. Bhushan et al. (2004) also reported 

that the three-body friction is caused by both the adhesion and plastic deformation which 

represents the ploughing. Therefore, it is evident that the nonlinear relation between the Ff 

and nb at a large Fn is caused by the plastic deformation of the films.  

Moreover, it is noticed that the Ff is still high when Fn = 0. The high Ff is due to the 

presence of interfacial adhesion at the zero Fn and indicates that the Ff in the three-body 

contact condition has a direct proportion with the nb instead of Fn. This keeps consistent 

with observations in the previous studies under the two-body contact condition (Mo et al., 

2009; Eder et al., 2015).  

The load Fn also significantly influences the wear performance of DLC films, as shown 

in Fig. 4.4b. The wear rate k increases with the Fn. Since wear induced by adhesion is 

proportional to the real contact area that can be represented by nb, the relation between the 

k and nb is meaningful in the investigation of adhesive wear. Fig. 4.4c shows that the 

relation can be regarded as linear at a small nb but becomes nonlinear when the nb is large. 
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The linear relation is due to the fact that the wear at a small Fn is determined by the 

interfacial adhesion while the nonlinear relation is attributed to the plastic deformation of 

the films when the Fn is large.  

It is noticed that the k is nonzero when Fn = 0. Such nonzero k is different from results 

in the literature. Zhang et al. (1998) reported that a negligible wear can be obtained at a 

small load that only induces elastic deformation of material surface. This neglected wear 

should be due to the von der Waals interactions at the sliding interface (Zhang and Tanaka, 

1998). In the present study, however, the interfacial forces caused by the strong covalent 

C-C bonds are quite high and thus can induce worn atoms even when Fn = 0.  

The contribution of the deformation of DLC films to their wear can be examined by 

analyzing the sliding depth h of the particle. Fig. 4.4a shows that at the maximum Fn the h 

approaches to 5 Å which is higher than the displacement criteria for the definition of worn 

atoms. Because the surface of the films deforms locally, many atoms are worn by such 

huge deformation even without the sliding. This keeps consistent with the worn atoms 

caused by plastic deformation in the literature (Hu and Martini, 2015; Bhushan and 

Nosonovsky, 2004; Lee et al., 2009).  

It is noticed that the wear of DLC films caused by their deformations is neglected when 

the Fn is small. In this case, the wear is determined by adhesion and can be predicted 

according to the proportion between k and nb. This proportion is commonly obtained in the 

two-body contact condition (Archard, 1953). Validation of this proportion indicates that it 

is the essence of the adhesion wear regardless of in the two-body or three-body contact 

conditions.   
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Fig. 4.3. Effect of loads Fn of the DLC film on (a) its friction force Ff, (b) the number of 
contact bonds nb and (c) the relation Ff between nb.  
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Fig. 4.4. Effect of loads Fn of the DLC film on (a) its wear rate k, (b) the sliding depth of 
the spherical particle h and (c) the relation between k and h.  
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4.2.3. Velocity effect  

Besides the load, the velocity vs also highly influences the tribological behaviors of 

DLC films, as given in Fig. 4.5a. The friction force Ff increases with the vs. This is different 

from the observations in the two-body contact conditions. It has been observed that the Ff 

commonly decreases with the vs due to the fact that a high vs can largely increase the friction 

temperature and reduce the nb (Bai et al., 2016a). However, in the present study the nb 

almost keeps constant when the vs varies (Fig. 4.5b). This constant nb seems to conflict 

with the increase of Ff, indicating the existence of a unique friction mechanism.  

The friction mechanism can be understood by analyzing the friction configurations, as 

shown in Fig. 4.6. When the vs increases, although the nb is constant, many networks of 

DLC films attach to the particle. These networks can highly resist the sliding of the film 

and thus largely increase the Ff. The attaching of these networks to the particle is due to 

the structural response of the DLC films to vs. With a high vx which indicates a high strain 

rate, the micro-cracks in the DLC films have insufficient time to be initiated and propagate, 

thus increasing their yield strains. This keeps consistent with the mechanical theory of 

solids (Hutchinson, 1977) and has also been proved by our tensile simulations of the DLC 

films. As a result, more networks can attach to the third particle at a high vs, leading to the 

increase of Ff.  

The wear performances of DLC films are also influenced by the vs, as shown in Fig. 

4.7a. The wear rate k decreases with the vs. This trend agrees with the decrease of the sliding 

depth h at a high vs. The decrease of the h indicates the suppressed deformation of the films 

and thus contributes to the decrease of k by highly reducing ploughing.  
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Fig. 4.5. Effect of velocities vs of the DLC film on (a) its friction force Ff and (b) the 
number of contact bonds nb.   

 
Fig. 4.6. Atomic configuration with different velocities vs: (a) 2 Å/ps and (b) 10 Å/ps. 
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Effect of vs on the adhesive wear also contributes to the reduction of k. Fig. 4.8 shows 

that at a high vs many DLC networks attach to the spherical particle. The relative sliding 

between the films largely deform their networks. When the strain energy is high enough to 

break the bonds between these networks and the spherical particle, majority of them return 

to the films while only few atoms are worn and still attach to the particle.  

 

 
Fig. 4.7. Effect of velocities vs of the DLC film on (a) its wear rate k and (b) the sliding 
depth h of the spherical particle.   
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characterized by the fraction of sp2 atoms. This fraction can be represented by the total 

number of new sp2 atoms  in the friction process. A higher sp2n�'  indicates a larger 

fraction of sp2 atoms in the film. Fig. 4.9a shows that the sp2n�'  increases with the vs, i.e., 

the film exhibit more flexible behavior at a high vs.  

On the other hand, the instability of the network atoms attached to the spherical particle 

can be simply characterized by their temperature which can be regarded as the friction 

temperature Tf. The atoms with a high Tf are active and easily influenced by external forces. 

Fig. 4.8b shows that the Tf highly increases with the vs.  

 

 
Fig. 4.8. Formation process of worn atoms at a high velocity vs of 10 Å/ps. The dark-red 
color in the figure highlights the networks attached to the third particle.  
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enhanced by the high Tf, since it can highly improve the possibility of the breaks for the 
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wear rate of the films by improving their flexibility and the friction temperature.  
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Fig. 4.9. Effect of velocities vs of the DLC film on its (a) number of new sp2 atoms sp2n�'  

and (b) friction temperature Tf.   
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The present study shows that although DLC networks attaching to the third particle 

are actually the transfer layer, the friction reduction by such layer is neglected. This is 

attributed to that the friction reduction by the layer is caused by their shear deformation 

due to their easy-shear properties. However, in this study their shear deformations hardly 

occur because the pure rolling of the spherical particle mainly causes tensile deformation 

of the networks.  

Therefore, the present study generally shows that the wear reduction at the high vs in 

the three-body contact conditions is caused not by the formation of transfer layer but by 

suppressing the ploughing and improving the flexibility of the DLC networks and the high 

friction temperature.  

 

4.2.4. Particle effect  

The effect of the particle size is considered by changing the radius of the spherical 

particle, as shown in Table 4.2. The friction force Ff increases with a small-sized particle. 

Such increase is attributed to that under the same load the small-sized particle can cause a 

high contact stress and thus largely penetrate into the DLC films. Such penetration can 

largely cause the deformation of the films and thus increase the Ff. This keeps consistent 

with results in the literature which stated that the ploughing is significant in determining 

the three-body friction at the nanoscale (Sun et al., 2013a; Sun et al., 2013b). The large 

deformation of the films with the small-sized particle also increases their wear rate.  

The large Ff and k of DLC films with a small-sized particle is different from 

observations in the previous studies (Qi et al., 2014; Qi et al., 2010; Qi et al., 2011a; Bai 

et al., 2013). Qi et al. (2010) reported that small-sized sand particles can reduce the friction 
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and wear of the films mainly by reducing the contact stress. This is because in their studies 

a large quantity of sand particles were located at the interfaces between the DLC films. The 

small size of such particles could make them form a relatively flat layer between the films 

and thus reduce the contact stress. The present study demonstrates that a small number of 

particles surely exhibit a different abrasive behavior and may severely damage the film and 

influence their tribological behaviors.  

 

Table 4.2. Effect of particle radius r on the friction and wear of DLC films. 

 
Ff (nN) k (Å-1) 

r = 10 Å 204 2.67 

r = 12 Å 181 1.92 

 

The particle shape can also influence the tribological behaviors of DLC films. Fig. 

4.10 shows that the cubic particle also purely rolls when the films relatively slide. However, 

the cuboid particle hardly rolls and is initially attached to the lower film. Such cuboid 

particle highly ploughs the upper film. This can be proved by the chip formation in front 

of the cuboid particle. Moreover, the chip exerts a high force to the cuboid particle. When 

this chip becomes large, this force plus the adhesion force from the upper film can cause 

the movement of the cuboid particle. As a result, such particle is in turn attached to the 

upper film and ploughs the lower film. It can be seen that the shape of particles highly 

influences their movement modes which influence tribological mechanisms of DLC films. 

This keeps consistent with observations in the previous study which stated that the 

nanoparticle exhibits an optimum shape to realize its rolling (Anantheshwara et al., 2012).  
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Fig. 4.11a shows that the cuboid particle causes a high Ff while the spherical and cubic 

particles cause a low Ff. The dependence of Ff on the particle shape is due to the transition 

of the friction mechanisms. For the cuboid particle, the ploughing is present and highly 

increases the Ff. For the spherical and cubic particles, the friction is determined by rolling 

and the Ff is caused by the adhesion instead of the ploughing. The variance of the Ff for 

cubic particle is due to the varied interfacial adhesion strength when the particle rolls. 

Therefore, it can be seen that the presence of ploughing is a significant reason for the high 

friction in the three-body contact condition.  

 

 
Fig. 4.10. Atomic configuration with (a) cubic and (b) cuboidal particles during the friction 
process.   

 

The shape of the third particle also highly influences the wear performance of DLC 

films (Fig. 4.11b). It is evident that the k with the cuboid particle is much higher than those 

with the cubic and spherical particles. The high k for the cuboid particle is attributed to the 

occurrence of ploughing. However, the adhesive wear in the cases with cubic and spherical 

particles is much lower due to the adhesive wear which is highly reduced by the flexibility 

of the DLC networks.  
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Fig. 4.11. Effect of the shape of the third particle on (a) the friction and (b) wear of DLC 
films. 
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properties of the two-body abrasion which cannot be well explained by the mechanisms 

for spherical and cubic particles. Therefore, it is evident that the shape of the particle can 

directly determine its movement mode and the friction and wear mechanisms of the DLC 

films (Anantheshwara et al., 2012).  

 

4.3. Summary   

The tribological behaviors of DLC films with a third particle at their contact interface 

are investigated via MD simulation. The influence factors such as the load Fn, velocity vs, 

shape of the particle and its size are considered. It has been found that the friction force Ff 

and wear rate k of the film are determined by adhesion at a small Fn but dominated by both 

adhesion and ploughing at a large Fn. This can be verified by examining the relation of the 

Ff and k with the number of bonds nb at the contact interface.  

With the increase of vs, the Ff increases and k decreases while the nb almost keeps 

constant. This is because with a large vs the DLC networks exhibit a large strain before 

their yielding and thus many networks can attach to the third particle to resist the relative 

sliding of the DLC films. These attached networks highly increase the Ff. The decrease of 

k at a large vs is caused by the decrease of the sliding depth and the flexibility of the DLC 

networks. The small-sized particle can increase the Ff and k by enhancing ploughing.  

The shape of the third particle highly influences its movement mode and thus changes 

the friction and wear of the DLC films. It is found that the spherical and cubic particles 

purely roll without sliding. However, the cuboidal particle highly increases the Ff and k by 

purely sliding and ploughing the films, indicating that the cuboidal particle can induce the 

transition of tribological mechanisms from three-body rolling to two-body sliding.  
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Chapter 5. Influence of the hydrogen atmosphere on tribological 

behaviors of DLC films 

DLC films exhibit a low friction in a H2 atmosphere. Such low friction may be caused 

by the diffusion of H atoms into the subsurface of these films, due to the fact that such 

diffusion can largely reduce their shear strength and thus cause their friction reduction. 

This chapter investigates the effect of the H2 atmosphere on the tribological behaviors of 

the DLC films. The effects of the H atom diffusions on the contact-interface evolutions are 

examined, and the mechanisms of the friction reductions are discussed in detail.  

  

5.1. Modelling 

The simulation model consists of two DLC films and a random distribution of 

hydrogen atoms at their interface, which is located at the x-z plane of the Cartesian 

coordinate system x-y-z. The upper film slides against the lower film along the x-direction 

with a velocity vs. The addition of H atoms instead of H2 molecules at the contact interface 

of these films ensures that their relative sliding after the complicated tribochemical 

reactions from H2 molecules to H atoms in experiment can be directly simulated. Both the 

films are obtained by the melting-quenching procedure and have dimensions of 

Å3.  

The periodic boundary conditions are set in the x and z-directions. In the y-direction, 

both the upper and lower DLC films are divided into three layers with different functions. 

The upmost one of the upper film is defined as a rigid body to keep its structure undeformed. 

The velocity vs is applied to such layer to conduct the sliding of the upper film, and such 

layer also take the load Fn along the y-direction. The lowest layer of the lower film is also 
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defined as a rigid body but with fixed locations. The other layers consist of the Newtonian 

atoms whose movements are determined by the interactions of neighbors according to 

�1�H�Z�W�R�Q�¶�V���H�T�X�D�W�L�R�Q��of motion. The layers adjacent to each rigid one in the both films have 

a constant temperature of 300 K to dissipate the friction energy generated during the 

friction process. The rest films and the H atoms are contained into the Newtonian layer. 

 

 

Fig. 5.1. Schematic of the simulation model.  

 

The atomic interactions are described by AIREBO potential (Stuart et al., 2000). Its 

long-range repulsive forces are ignored because such forces cause the happening of gas-

lubricated friction instead of solid-contact friction by largely raising the distances between 

H and C atoms. The time step of the simulation is set as 0.5 fs, and each simulation lasts 
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250 ps. Visualization of the simulation is realized by the software OVITO (Stukowski, 

2010).  

The friction force Ff is calculated by summing up the tangential forces of atoms in the 

upper rigid layer. The microstructural evolution of the friction system is studied by dividing 

it into multiple strips along the y-direction. For each strip, the quantities including the 

number of H atoms, the average temperature and the fractions of sp3 hybridized C atoms 

are evaluated. The sp3 fraction is defined as the ratio of the number of the sp3 C atoms in 

such strip to the number of all the C atoms in it. The hybridization states of carbon atoms 

are calculated by evaluating their coordination numbers. Such coordination numbers are 

obtained by calculating the number of nearest atoms within a cutoff of 2.0 Å for C-C pairs 

and 1.5 Å for C-H pairs (Chen et al., 2015).   

The effects of the H density H�U on Ff are studied in three different conditions. The H�U

with a unit of atom number per area of the contact interface increases from 0, 10.6 to 27.6 

nm
-2

. In the reference case, the Fn and the vs are set as 100 MPa and 1 Å/ps, respectively. 

Such two parameters separately increase in the high-velocity case (Fn = 100 MPa and vs = 

5 Å/ps) and in the high-load case (Fn = 1 GPa and vs = 1 Å/ps). 

 

5.2. Results and discussions 

5.2.1. Friction forces and atomic configuration 

Fig. 5.2 shows the effect of H�U on the Ff under different conditions. The sliding can 

increase the Ff, and its maximum value can be obtained and followed by a sharp drop. The 

increase of the Ff is due to the high adhesive force caused by the C-C covalent bonds across 

the interface between DLC films. Such adhesive force can induce the shear deformations 



Chapter 5. Influence of hydrogen atmosphere  

96 

 

of these films during their relative sliding. The sharp drop after the maximum of the Ff 

indicates the breakings of interfacial C-C covalent bonds. Afterwards, the Ff stabilizes and 

become larger with the presence of stick-slip patterns. The averagely stabilized Ff is about 

250 nN for both Fn = 0.9 nN and Fn = 9 nN when vs = 1 Å/ps and H�U =0. Such stabilized 

Ff is close to those in the previous studies (Schall et al., 2009; Ma et al., 2014; Mao et al., 

2010), which helps to validate the accuracy of this simulation model.   

 The presence of H atoms highly reduces the Ff both before and after its stabilization 

(Fig. 5.2a). Moreover, the H atoms also delay the Ff stabilization. Such stabilization is 

reached at the time of about 40 ps for = 0 but is realized at 60 and 80 ps for H�U = 10.6 

and 27.6 nm-2, respectively.   

 At a large Fn (Fig. 5.2b), the Ff before its stabilization increases for H�U = 0 and 10.6 

nm-2 but is almost unchanged for H�U = 27.6 nm-2. After the Ff stabilization, the magnitude 

of the stick-slip patterns slightly increases for H�U = 10.6 and 27.6 nm-2 while is constant 

for H�U = 0. This slight increase reveals that the effect of the H atoms on the Ff reduction 

tends to be weakened at a large Fn.  

 With the increase of vs, the Ff significantly decreases either before or after its 

stabilization (Fig. 5.2c). Such decrease should be attributed to the high friction temperature 

Tf induced by the high vs. In particular, the stabilized Ff for H�U = 27.6 nm-2 is only slightly 

smaller than those for H�U = 0 and 10.6 nm-2. This indicates that the effect of the H atoms 

on the Ff reduction is largely eliminated with a high vs.  
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Fig. 5.2. Effect of H atoms on friction forces with various velocities and loads: (a) vs = 1 
Å/ps, Fn = 100 MPa, (b) vs = 1 Å/ps, Fn = 1 GPa and (c) vs = 5 Å/ps, Fn = 100 MPa. 
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 Atomistic configurations of DLC films is helpful for the understanding of the 

mechanisms of the friction reduction caused by H atoms, as shown in Fig. 5.3. The film 

deformation is highlighted by defining an inner straight red maker before the sliding 

commencement. For H�U = 0, the inclined maker indicates that the films are under shear 

deformations and no sliding occurs at their contact interface. However, for H�U = 10.6 and 

27.6 nm-2, the maker is interrupted at the interface, thus revealing the presence of the sliding 

at such interface. This presence of the sliding indicates that the H atoms can significantly 

decrease the interfacial adhesion strengths between the films. Such decrease is due to the 

fact that the H atoms largely reduce the chemical activity of the films by passivating the 

dangling bonds of C atoms on the film surfaces (Paulmier et al., 1993; Erdemir, 2004).    

 Atomistic configurations of DLC films with different H�U after the Ff stabilization are 

shown in Fig. 5.4. Such films are merged together, indicating the disappearance of their 

interface. The H atoms originally at the interface become widely distributed, thus revealing 

the occurrence of their diffusions.  

 The interfacial phenomenon of DLC films after the Ff stabilization is analyzed by 

defining an inner straight marker during the sliding. After a short simulation time, each 

marker has a mediate segment becoming inclined. Such inclined segment indicates the 

region in which the sliding occurs. The sliding region for H�U = 0 nm-2 has a large width w, 

and the increase of the H�U  causes the decrease of the w. It is evident that the H atoms are 

only distributed inside the sliding region. Therefore, the decrease of the w implies that the 

H atoms can degrade the mechanical properties of the DLC films. Moreover, the width of 

the H-distributed region  determines the degradation effect, i.e., a smaller 
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represents a denser distribution of the H atoms in the sliding region and thus indicates the 

significant degradation of the mechanical strength of the DLC films. The depends on 

the testing parameters including the Fn and vs, which will be discussed later.  

The degradation of mechanical properties of DLC films by H atoms is consistent with 

results in the previous studies. Fontaine et al. (2004) stated that H atoms in DLC films can 

significantly increase their viscoplastic behaviors which indicate a small shear resistance 

and thus a low friction force. Sanchez-Lopez et al. (2001) found that such viscoplastic 

behaviors of the films are essential to their superlow friction in a vacuum environment.  

 The atomistic configurations are capable of interpreting the evolution of the Ff. For 

H�U = 0, before the Ff stabilization, the C-C bonds across the contact interface of DLC films 

connect them and induce their shear deformations during the sliding, thus increasing the 

Ff. Breakings of such bonds are subsequently induced, and the mechanical mixing 

promotes the atom diffusions across the interface, resulting in the mergence of upper and 

lower DLC films. This merged structure is most stable for the sliding and thus the Ff is 

stabilized.  

 The Ff stabilization is largely delayed by the presence of H atoms. This is because 

such atoms can passivate the dangling C bonds at the interface between DLC films and 

significantly reduce the number of C-C bonds across such interface. This reduction is much 

more significant for a high H�U , due the fact that a large number of the H atoms almost 

isolate the DLC films and suppress the formation of C-C bonds across the contact interface 

(Hayashi et al., 2011). Such suppression highly reduces the mechanical mixing of the 

interface and thus delay the stabilization of the Ff. This keeps consistent with the results in 

Fig. 5.2.  
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Fig. 5.3. Atomistic configuration of the interfacial evolution before the friciton 
stabilization for vs = 1 Å/ps and Fn = 100 MPa. A thin straight slab is highlighted in red 
color as a marker to indicate the material deformations caused by sliding. 

 

 It should be noted that in Figs. 2a and 2b the Ff increases after its stabilization. This 

is attributed to that the mergence of DLC films makes them thoroughly connected and thus 

induces a higher adhesion strength between them (Gao et al., 2002). The decrease of the Ff 

after its stabilization in Fig. 5.2c may be due to the high Tf.  

 The stick-slip pattern of the Ff after its stabilization is attributed to the periodic 

deformation-yield of DLC films in their sliding regions. The period and the magnitude of 
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such pattern decrease withH�U . This is because the H-passivations highly decrease the 

mechanical strengths of these films.  

 

 

Fig. 5.4. Atomistic configuration of the interfacial evolution after the friction stabilization 
for vs = 1 Å/ps and Fn = 100 MPa. A similar marker is defined to show the material 
deformation as in Fig. 5.3.  
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of Ff after its stabilization is different. In this case, the Ff reduction is due to the fact that 

the H atoms can soften the films in their merged regions. The H-passivations make C atoms 

less bonded with their neighbor C atoms, thus significantly degrading the carbon networks 

of the DLC films and their mechanical properties (Fontaine et al., 2004). The degraded 

films are easy to shear and thus exhibit a low Ff.  

 

5.2.2. Friction temperatures and element diffusions 

 The Tf can highly change the microstructures of materials and their mechanical 

strength and thus is significant in the analysis of tribological phenomena. Fig. 5.5 shows 

that the evolution of Tf of the DLC films is divided into two stages by the Ff stabilization. 

Before such stabilization, a low Tf is observed, due to the fact that the sliding only causes 

elastic deformations of these films for H�U  = 0 is zero or induces the relative sliding 

between H atoms for H�U = 10.6 and 27.6 nm-2. After the Ff stabilization, the Tf increases 

and changes periodically. Such periodic changes are due to the stick-slip friction patterns 

which induce periodic storages of strain energy and its release (Bai et al., 2015). Each 

release of the strain energy can cause a temperature rise. The maximum Tf  is meaningful 

(Bai et al., 2015), since it largely induces the graphitization of the DLC films and promotes 

H-atom diffusions into these films. For convenience, the Tf discussed below refers to its 

maximum value.  
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Fig. 5.5. Efffect of H atoms on the friction temperature with various velocities and loads: 
(a) vs = 1 Å/ps, Fn = 100 MPa, (b) vs = 1 Å/ps, Fn = 1 GPa and (c) vs = 5 Å/ps, Fn = 100 
MPa.  
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 The presence of H atoms can significantly reduce the Tf, which is due to the Ff 

reduction. The Tf closely relates with the Ff, i.e., a large Tf always follows a large Ff. This 

is attributed to that the large Ff significantly deform the DLC films and thus cause a large 

amount of energies stored and released.  

 Fig. 5.5b shows that the Fn hardly influences the patterns and values of the Tf. This 

keeps consistent with the slight effect of the Fn on the Ff (Fig. 5.2b). Fig. 5.5c further 

depicts that a high vs significantly increases the Tf without large variations. This increase 

is due to the fact that more energies are generated and subsequently thermally dissipated 

by the DLC films (Bai et al., 2011). It can be seen that the small Ff is observed the large vs. 

The fact that this high Tf corresponds to the small Ff is different from the trend that a large 

Tf always follows a large Ff discussed above, thus indicating existences of a complicated 

tribological mechanisms that cannot be interpreted only by the Tf.  

 Such complicated tribological mechanisms may be interpreted by the diffusion of H 

atoms. This is attributed to the phenomenon that the H-atom diffusions highly degrade the 

mechanical properties of DLC films (Fig. 5.4). Therefore, the evolution of the with 

various Fn and vs needs to be investigated (Fig. 5.6).  

It can be seen that the sliding can increase the . For the reference case (Fig. 5.6a), 

the  is almost same for the different H�U . Therefore, the passivation level of C atoms in 

the H-distributed region is high for a highH�U . Such high passivation level is beneficial for 

the Ff reduction.     
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Fig. 5.6. Evolution of the width of H-distributed regions with simulation time for various 
sliding velocities and loads: (a) vs = 1 Å/ps, Fn = 100 MPa, (b) vs = 1 Å/ps, Fn = 1 GPa and 
(c) vs = 5 Å/ps, Fn = 100 MPa.  
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 With the increase of the Fn, the for H�U = 10.6 and 27.6 nm-2 slightly increases 

compared with that in the reference case (Fig. 5.6b). This increase of the  slightly 

reduces the passivation level of C atoms and tends to raise the Ff, and keeps consistent with 

the slight increase of its amplitudes (Fig. 5.2b).  Hence, the H-atom diffusions into DLC 

films well interpret their friction behaviors in the reference case and the high-load case.  

 The vs can highly increase the  for H�U = 10.6 and 27.6 nm-2 (Fig. 5.6c). The 

for H�U = 10.6 nm-2 sharply increases after the Ff stabilization. This is because the Tf at a 

high vs is quite high and significantly promotes the diffusions of H atoms. Such high Tf 

also makes with H�U = 10.6 nm-2 always larger than that with H�U = 27.6 nm-2.  Since the 

H-passivations cause a significant reduction of the Ff, the H-atom diffusions can highly 

suppress this reduction. However, the small Ff is observed for the high vs. This reveals that 

the friction of DLC films in the high-velocity case may be dominated by other mechanisms 

rather than the H-atom diffusions.  

 

5.2.3. Graphitization and atom density 

 The friction mechanisms of DLC films can also be interpreted by their graphitization. 

The graphitization represents the transitions of C atoms from sp3 to sp2 bonding states. 

Therefore, it is convenient to denote the graphitization level of the films the fraction of sp3 

bonded atoms f2. A small f2 indicates a high graphitization level.  

Fig. 5.7 shows that f2 is small in the sliding region of DLC films and is large at their 

outmost regions. This is attributed to that the Tf is highest in their sliding region and 

gradiently decreases along the direction from such region to the subsurface of these films, 

thus causing the lowest temperature at their outmost regions. Since a high Tf can increase 
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the graphitization level of the DLC films, the temperature gradient along the y-direction 

determines a gradient f2. It is noted that the region with low f2 has a width about 40 Å (from 

y = 20 Å to y = 60 Å) which is larger than that of the sliding region about 20 Å (Fig. 5.4). 

Such large width of the low-f2 region is attributed to that the gradient temperature is much 

higher than the phase-transition point (about 900 K) for the graphitization of DLC films 

(Liu et al., 1996a).  

 In particular, Fig. 5.7a shows that the f2 with various H�U fluctuates around a same 

value, indicating the independence of f2 on H�U . With the increase of the Fn, the f2 is almost 

unchanged, thus keeping consistent with the unchanged Tf (Fig. 5.5b). It is noted that the 

increase of the vs only slightly decreases the f2. This is due to the fact that the Tf at a small 

vs is already high enough to induce a high graphitization level of DLC films. As a result, 

the high Tf induced by the large vs is difficult to highly raise the graphitization level. This 

agrees well with other theoretical works (Ma et al., 2014).  

 The independence of f2 on H�U can be observed in all the test conditions. This indicates 

that the graphitization level of the DLC films cannot explain their friction behaviors under 

the effect of H atoms. This independence is different from results in the literature which 

stated that the H atoms tend to be bonded with sp3 C atoms and increase the f2 (Donnet and 

Erdemir, 2007). In fact, the independence of f2 on H�U is attributed to that the shear 

deformation easily promotes the transition of C atoms from sp3 to sp2 bonding (Car, 1996; 

Chacham and Kleinman, 2000). Moreover, under shear deformations of DLC films, the H 

atoms tend to be bonded with sp2 atoms to form �Œ bonds that are beneficial to the 

occurrence of such shear deformations. This is verified by analyzing the coordination 

number of C atoms bonded with H atoms.  
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Fig. 5.7. Effect of H atoms on the fraction of sp3 atoms f2 for various velocities and loads: 
(a) vs = 1 Å/ps, Fn = 100 MPa, (b) vs = 1 Å/ps, Fn = 1 GPa and (c) vs = 5 Å/ps, Fn = 100 
MPa.  
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 In fact, for amorphous solids, their nanoscale friction behaviors closely relate with 

their rheological properties (Bai et al., 2015). Such rheological properties can be 

characterized by calculating the atom density in the sliding regions. A small atom density 

represents a packless network which is easy to shear and exhibits a low friction force. For 

the DLC films, with the presence of the H atoms, the H-passivations of C atoms can make 

them less bonded with their nearest C atoms. Hence, the carbon networks of the films in 

the H-distributed region would be damaged and become packlesss. The density of C atoms 

 can help to roughly describe such networks, i.e., a higher commonly represents a 

denser networks. The distribution of through the DLC films (Fig. 5.8) shows that the 

is generally low in their sliding regions due to the high friction temperature Tf and the 

graphitization and increases gradually from the interface to their subsurfaces due to the 

decrease of Tf.  

 The in the sliding region is highly dependent on the H�U . This dependence can be 

exemplified by the reference case. With the increase of H�U , the significantly decreases 

in the sliding region. This is due to the fact that the H atoms are distributed in this region 

and thus expand its volume, leading to a small . As a result, DLC films become packless 

and their networks are highly degraded. Their mechanical properties are significantly 

weakened and their easy-shear properties are obtained, thereby leading to a low Ff. This is 

consistent with the dependence of Ff on H�U discussed before. Besides, the width of the 

region with the small is quite small and almost similar for H�U = 10.6 and 27.6 nm-2. 

This corresponds to their similar evolution of the with sliding.  
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Fig. 5.8. Effect of H atoms on the density of C atoms for different velocities and loads: (a) 
vs = 1 Å/ps, Fn = 100 MPa, (b) vs = 1 Å/ps, Fn = 1 GPa and (c) vs = 5 Å/ps, Fn = 100 MPa.  
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 When the Fn increases, it can slightly increase the through the DLC films, since a 

high pressure can induce a denser structure. The width of the region with the small 

increases, due to the diffusion of H atoms promoted by the high Fn.   

 When the vs increases, the in the sliding region highly decreases for the DLC films 

with different H�U . This is attributed to that the high Tf in this case can increase the volume 

of the films by their thermal expansions as well as their graphitization. The in the 

sliding region is low and the width of the region with such low becomes large. The 

large width keeps consistent with the significant diffusions of H atoms at the high Tf. Both 

the low and the large width contribute to the low Ff observed.  

 Combination of the analysis of Tf, the diffusions of H atoms, and the distribution of 

in the DLC films as well as their graphitization can help to clear their tribological 

mechanisms. The Ff is highly reduced when the is small in the sliding region. Such 

small can be obtained by H-passivations of C atoms in the films and their thermal 

expansions as well as graphitization, depending on the Tf. The low Tf hardly induces an 

evident diffusion of H atoms and thus they are mainly distributed in a narrow region. The 

H-passivations highly reduce the in this region and thus lead to a low Ff. On the contrary, 

the high Tf can highly promote the diffusion of H atoms into the films and also thermally 

expand such films and slightly increase their graphitization level. The is significantly 

reduced by the thermal expansions and graphitization with the assistance of H-passivations, 

leading to the reduction of the Ff.  
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 Such tribological mechanisms for the stable Ff are also applicable for the explanation 

of Ff before its stabilization. In this case, the H atoms are distributed at the interface 

between DLC films. In the H-distributed region, only a few C atoms exist. As a result, the 

strong interactions inside such region are absent and the low Ff is obtained.  

 It should be noticed that the higher H�U can always reduce the Ff whatever the Tf. In 

experiment, this higher H�U can be obtained by increasing the pressure of environmental H2 

gas. Donnet et al. found that the high friction of hydrogenated DLC films in high vacuum 

could be highly reduced by introducing at least 1 kPa of H2 gas in the test chamber (Donnet 

et al., 2001). The friction reduction was attributed to the formation of carbonaceous transfer 

layers during these tests. Fontaine et al. (2001) reported that the intermediate and high H2 

pressures could provide the healing effect on the transfer layers to reduce the friction force 

of DLC films. This is because these layers with a high fraction of H atoms exhibit low 

shear strength that is attributed to the weak Van der Waals interaction between flexible 

hydrocarbon chains along the sliding direction. Erdemir et al.  (2014) further verified the 

high fraction of H atoms in the transfer layer and the existence of H-passivations of C 

atoms by using element distribution technique. In the present simulation, the films in the 

sliding region where sliding happens can be regarded as the transfer layer observed in the 

experiment. The atomic configurations in Fig. 5.4 demonstrate that the environmental H 

atoms can highly degrade mechanical properties of DLC films by passivating their C atoms. 

This degradation of the mechanical properties is highly related with the low in the 

sliding region as shown in Fig. 5.8, since the hydrocarbon materials with low exhibit 

coarse networks. Therefore, it can be concluded that the simulation results correspond well 

to those of experiments.  
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 The effect of high temperature on the friction force of DLC films in H2 environment 

has been reported in literature.  Donnet et al. (2001) found that a relatively high test 

temperature can thermally assist diffusion of environmental H atoms into the carbonaceous 

network, resulting in the reduction of friction force of the DLC films. In the present study, 

it is demonstrated that this reduction is caused not only by the diffusions of H atoms but 

also by the expansion of the films as well as their graphitization.  

 In experiment, the effect of test parameters on the friction behaviors of DLC films in 

H2 environment has been rarely reported. Most of relevant studies focused on the effect of 

the H2 pressure. The present study indicates that for an appointed pressure of H2, a large 

applied load can lead to an increase of the friction force by reducing the density of H atoms 

in the sliding region via promoting their diffusion. Moreover, the high sliding velocity may 

help to reduce the friction force by causing high friction temperature to accelerate the 

diffusions of H atoms and reducing the density of C atoms in the sliding regions. These 

phenomena caused by high applied load and high sliding velocity need the experimental 

verification in future.  

 For the friction mechanisms of DLC films, the present study further suggests that the 

at the sliding interface may be a suitable parameter to accurately characterize the 

friction behavior. This is because the small can represent the coarse networks of the 

films as well as their good viscoplastic behavior. Both such coarse networks and 

viscoplastic behavior demonstrate the easy shear properties of the films and thus their low 

friction force. As a result, application of the to indicate the friction behavior of the DLC 

films is not only suitable in H2 environment but also applicable in other environment.  
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 It should be noticed that in the present simulation the H atoms are only added into the 

interface prior to the sliding. On the contrary, in experiment the surfaces of DLC films are 

always exposed to H2 atmosphere; the H atoms can be continuously absorbed on such 

surfaces during the sliding after the tribochemical reaction from H2 molecules to H atoms. 

According to the present simulation, the sliding can promote the diffusion of continuously 

absorbed H atoms into DLC films and thus improve the H-passivation level of C atoms, 

resulting in the low friction force. This force will be much lower than the one obtained in 

the present simulation and even exhibit superlow as reported in literature (Donnet et al., 

2001; Fontaine et al., 2004; Fontaine et al., 2001).  

 In general, although the simplification of experiment tests is implemented in the 

present simulation, the conclusions obtained are meaningful and capable of improving the 

understanding of the friction mechanism of DLC films and extending their applications.  

 

5.3. Summary 

 The effect of environmental H atoms on the tribological behaviors of DLC films is 

investigated via MD simulation. The friction force Ff increases with the commencement of 

sliding and becomes stable after a sharp drop. The stabilization of the Ff is accompanied 

with the disappearance of the interface between films and the formation of their mixing 

region. The H atoms can highly reduce the Ff. Its reduction before its stabilization is 

attributed to that the H atoms can passivate the dangling C bonds at the interface between 

films and thus highly reduce the adhesion force at such interface. After the stabilization of 

Ff, its reduction is due to the fact that the H atoms can soften the DLC films in their mixing 

region by passivating C atoms to make them less bonded with their neighboring C atoms. 
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Such passivations can significantly degrade the networks of films and weaken their 

mechanical properties, thus inducing their easy-shear properties.  

 Further study indicates that the reduction of Ff after its stabilization results from the 

H-passivation and thermal expansion of DLC films as well as their graphitization, 

depending on the friction temperature Tf. At low Tf, the H atoms are distributed in a narrow 

region in which the sliding occurs. This region has small densities of C atoms and can be 

easily sheared. At high Tf, it not only induces the significant diffusion of the H atoms but 

also thermally expands the DLC films and slightly increase the level of their graphitization. 

Such thermal expansions can induce a wide region with low densities of C atoms under the 

assistance of H-passivations and graphitization, ensuring the low Ff. The mechanisms of 

friction reduction in the present study provide a new understanding for the superlow 

friction of DLC films in H2 atmosphere.  
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Chapter 6. Influence of the graphene lubrication on tribological 

behaviors of DLC films 

Sensitivity of the tribological behaviors of DLC films to their compositions can be 

efficiently eliminated by using other lubricants. Graphene exhibits excellent lubrication 

properties and superior chemical inertness and thus can lubricant materials with different 

compositions. Because of the nanoscale thickness of the graphene, its lubrication 

performance for the DLC film has been seldom studied in experiment. This chapter 

investigates such lubrication performance by considering the effect of hydrogenations of 

the DLC film, layer number of the graphene, its flake-size and defects.  

 

6.1. Modeling  

The modeling system is comprised of a crystalline diamond tip scratching the surface 

of a DLC film (Fig. 6.1). The scratch is realized by setting the diamond tip with a lateral 

velocity vs and a normal velocity vn and pinning the bottom of the film to avoid its free 

movement. The surface of the film is passivated by H atoms. Moreover, the film is fully 

covered by graphene that is located between the film and the diamond tip to isolate their 

direct contact.  

The periodic boundary conditions are applied in the x and y-directions of the modelling 

system. The DLC film is generated via the melt-quenching and has dimensions of 66.31 Å, 

63.81 Å and 16 Å along the x, y and z-directions, respectively. The bottom of the film is 

pinned by fixing positions of the atoms in its lowest layer with a thickness of about 3 Å in 

the z-direction. The rest atoms in the film and all atoms in the graphene can move freely 

under the interactions of their neighboring atoms. The diamond tip that is a half-sphere 
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with a radius of 10 Å is located in the middle of the graphene in the y-direction. The 

diamond tip is set as a rigid body to keep its geometry unchanged during the scratch tests.  

 

Fig. 6.1. Illustration of the atomistic model with (a) the front view and (b) the top view. In 
the model, a diamond tip scratches a DLC film which is passivated by H atoms and fully 
covered by graphene.  

  

The interactions between atoms are the AIREBO potential (Stuart et al., 2000). This 

potential is able to determine the transition of force between C atoms from van der Waals 

interaction to covalent bond, and thus help to realistically describe the lubrication of 

graphene for DLC films. The molecular visualization of the simulation is realized by the 
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software OVITO (Stukowski, 2010). The simulation step is set as 0.5 fs and each scratch 

test lasts for 40 ps.  

Prior to the scratch test, a minor loading force along the z-direction is applied to the 

diamond tip to allow it to come in contact with the DLC film. To conduct the scratch tests, 

the lateral velocity vs and normal velocity vn of the diamond tip are set as 1 Å/ps and 0.3 

Å/ps, respectively. The total lateral sliding distance L of the diamond tip and its maximum 

indentation depth h are 36 Å and 11 Å, respectively. During the scratch test, the system is 

evaluated by constant NVE integrations to update positions and velocities of atoms. The 

temperature of the system is constantly kept at 300 K by recalling the velocities of atoms. 

The force undertaken by the diamond tip along the x and z-directions is calculated as 

friction force Ff and normal force Fn, respectively.   

The effects of factors including the layer number of the graphene, its boundary 

condition and the presence of defects on the Ff and Fn are studied. The boundary condition 

of the graphene includes the pinned boundary and the free boundary. The pinned boundary 

is accomplished by fixing the positions of the boundary atoms of the graphene and is useful 

to study the behavior of a large-sized graphene that is commonly pinned to the surface of 

a substrate (Klemenz et al., 2014). However, the free boundary indicates that the atoms at 

the boundary of the graphene are free to move according to the forces of their surroundings. 

Such free boundary helps to simulate the behaviors of graphene flakes that can move freely 

during their friction. To distinguish the graphene with different boundary conditions, the 

layer number of the free-boundary graphene is denoted as mg, while the layer number of 

the pinned-boundary graphene is denoted as mp. The defects (or porosities) of the graphene 

are generated by randomly deleting its atoms with a fraction �{ of 2%, 5% and 10%, 
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respectively. The bond formation across the contact interfaces is evaluated based on a 

cutoff of 2.0 Å. This cutoff corresponds to the first minimum in the radial distribution 

function of carbon materials and indicates the maximum length for C-C covalent bonds. 

Therefore, a bond is defined to be formed between two C atoms when their distance is 

smaller than 2.0 Å.  

The non-hydrogenated DLC film with H-passivation on its surface is used to represent 

the hydrogenated DLC film to save computational time, since friction of the graphene is 

mainly influenced by the H atoms on the surface of the film. In the following section, the 

non-hydrogenated DLC film without the H-passivation is simply denoted as DLC film and 

the one with the H-passivation is denoted as DLC-H film.  

 

6.2. Results and discussions  

6.2.1. Friction force 

When the graphene is absent (mg = 0), the diamond tip directly scratches the DLC film. 

The friction force Ff almost increases simultaneously with the commencement of the 

scratch (Fig. 6.2a). This increase is attributed to that dangling bonds on the surfaces of both 

the diamond tip and the DLC film can form covalent bonds across their contact interface. 

These covalent bonds are sufficiently strong to cause the high interfacial adhesion. 

Moreover, the Ff increases linearly during the scratching. This linear increase is due to the 

penetration of the diamond tip into the DLC film. This high Ff can be significantly reduced 

by graphene.  

When the single-layer graphene is present (mg = 1), the Ff is superlow at h < 3.5 Å. 

The Ff increases rapidly at a large h. For the bilayer graphene (mg = 2), the Ff remains 
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superlow until the h of 5 Å. When h > 5 Å, the Ff with mg = 2 is much lower than that for 

mg = 1 and mg = 0. Therefore, the graphene with more layers exhibits a much lower Ff and 

better lubrication performance, which is consistent with results in the literature (Berman et 

al., 2014).  

The superlow Ff indicates the superlubrication of the graphene. This superlubrication 

is attributed to the chemical inertness of the graphene that can ensure van der Waals 

interactions instead of covalent bonds at the interface between the diamond tip and the 

DLC film. As a result, the interfacial adhesion is highly reduced and the sliding at the 

interface easily happens, thus leading to the significant decrease of Ff.  

The lubrication behavior of graphene highly depends on its boundary condition. Fig. 

6.2a shows that the pinned-boundary graphene exhibits Ff much higher than that for the 

free-boundary graphene. This high Ff demonstrates that a large size of the graphene may 

degrade its lubrication performance.  

The H-passivation of the DLC film can highly influence its friction behavior. Fig. 6.2b 

shows that the DLC-H film without graphene shows a much lower Ff than that of the DLC 

film (Fig. 6.2a). This lower Ff evidently shows the dependence of the friction behavior of 

the DLC and DLC-H films on their compositions. The DLC-H film exhibits a superlow Ff 

at h < 1.5 Å. This superlow Ff is due to the fact that the H atoms passivate all dangling 

bonds on the film surface and suppress the formation of covalent bonds between the DLC-

H film and the diamond tip. The increase of the Ff at h > 1.5 Å is due to the failure of such 

suppression. In this case, the penetration of the tip into the film removes the H atoms on 

the film surface. As a result, the covalent bonds between the film and the diamond tip can 

be formed and significantly increase their interfacial adhesion and thus the Ff.  
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The high Ff of the DLC-H film at the large h can be highly reduced by the graphene 

(Fig. 6.2b). It is observed that a larger mg causes a lower Ff. Similar observation is also 

made earlier for the case of the DLC film (Fig. 6.2a). Moreover, with the same mg, the Ff 

of the DLC-H film is slightly lower than that of the DLC film, which may be due to the 

interactions between the H atoms and the graphene.  

In general, Fig. 6.2 shows that both the DLC and DLC-H films exhibit low Ff with the 

presence of graphene. Therefore, it can be concluded that these films can be significantly 

lubricated by the graphene and the dependence of their friction behaviors on compositions 

can also be efficiently eliminated.  

The lubrication of the graphene can be further understood by investigating the 

evolution of its structure. Such evolution is studied here by exemplifying the scratch 

process for the DLC film with a single-layer graphene, as presented in Fig. 6.3. At a small 

h of 2 Å, the graphene becomes curved. It is observed that no covalent bonds are formed 

at the contact interfaces between the graphene and the diamond tip and between the 

graphene and the DLC film. As a result, contact forces at these interfaces are mainly 

contributed by van der Waals interactions.  

However, with the increase of the h from 2 Å to 3.5 Å, the covalent bonds are formed 

at each of the contact interfaces. The formation of such covalent bonds indicates the 

occurrence of tribochemical reactions of the graphene. The relation of these tribochemical 

reactions to the Ff in Fig. 6.2a shows that these covalent bonds highly raise the friction 

force and are responsible for the disappearance of the superlow Ff. The further increase of 

the h induces damages to the graphene structure.  
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Fig. 6.2. Effect of graphene on the friction force Ff of (a) the DLC film and (b) the DLC-
H film.  

 

The superlow Ff before the tribochemical reactions (Fig. 6.2a) is nonzero and mainly 

caused by the curvature of the graphene (Fig. 6.3a) that is also called the puckering effect 

(Li et al., 2010). The pucker formed in front of the diamond tip can resist its lateral 

movement and thus generate friction. The Ff increases with the indentation depth h and is 

quite close to those in previous studies (Ye and Martini, 2014; Yoon et al., 2015), thus 

validating the code in the present study. In addition, it is noticed that the boundary 

condition of the graphene can highly influence such Ff, due to the effect of such condition 
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on the movement of the graphene. The free boundary allows the graphene to move freely 

following the lateral sliding of the diamond tip, thus significantly suppressing the formation 

of pucker. However, the pinned boundary of the graphene can largely hinder its movement 

and is beneficial to the formation of its pucker.  

 

 

Fig. 6.3. Atomic configuration of the simulation system with single-layer graphene at an 
indentation depth h of (a) 2 Å, (b) 3.5 Å and (c) 6 Å, respectively. The bonds are generated 
with a cutoff of 1.9 Å which corresponds to the first minimum in the radial distribution 
function of carbon materials.  

 

The effect of the boundary condition of graphene on its puckering effect can be 

demonstrated by its cross-sectional profile, as shown in Fig. 6.4. The profile is almost 

symmetric around the indentation location for the free-boundary graphene, but becomes 

asymmetric with the formation of a high pucker in front of the indentation location for the 

pinned-boundary graphene. In fact, when the h is small, this puckering effect is observed 

in all the simulation with graphene.  
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Fig. 6.4. Cross-sectional images of atom position in graphene. 

 

The puckering effect of the graphene is responsible for the superlow Ff at small h but 

is unable to explain the high Ff at the large h. The configuration (Fig. 6.3b) indicates that 

such high Ff is most probably caused by tribochemical reactions of the graphene. This 

indication can be validated by investigating the number of covalent bonds between the 

graphene and the DLC film n1 and between the graphene and the diamond tip n2, as shown 

in Fig. 6.5. Both the n1 and n2 simultaneously increase with the Ff (Fig. 6.2a). The 

simultaneous increase is observed in the simulation with the graphene regardless of its 

boundary conditions.   

Fig. 6.5c further shows that after the tribochemical reactions of the graphene its 

structure keeps pristine but with changed bond angles. Therefore, it is evident that the DLC 

film and the diamond tip form covalent bonds with the graphene before its rupture. This 

configuration can help to understand the damage process of the graphene (Fig. 6.3c).  
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Fig. 6.5. The number of bonds between the single-layer graphene and DLC film n1 and 
between this graphene and the diamond tip n2 when the graphene is set with (a) free 
boundary and (b) pinned boundary; (c) configuration of the bond between the graphene 
and the DLC film.   
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A small indentation depth h only causes a concave of the graphene. The increase of 

the h induces the tribochemical reactions of the graphene by causing the formation of the 

covalent bonds between it and the diamond tip and between it and the DLC film. Such 

bond formation promotes the transition of C atoms in graphene from sp2 to sp3 hybridized 

bonding. As a result, the symmetries of these atoms are broken and distribution of their 

bonds changes from planar to tetrahedral. These changes highly degrade the mechanical 

strength of the graphene. As a result, with the further increase of the h, the graphene can 

be easily torn by the diamond tip.    

The chemical reactions of the graphene are useful to explain the effect of its pinned 

boundary condition on its lubrication behavior (Fig. 6.2a). For the pinned-boundary 

graphene, its Ff increases highly at a small h of about 2 Å. Such increase is due to the fact 

that the high stress caused by the high pucker can make atoms in the graphene chemically 

active by inducing its structural instabilities (Sharma et al., 2001; Chung, 2006). As a result, 

these active atoms in the graphene can easily form bonds with those in the diamond tip and 

the DLC film, thus significantly increasing the Ff.   

Therefore, it is demonstrated that the superlubrication of the graphene is terminated 

by its tribochemical reactions. This demonstration has been seldom reported. In the 

literature (Ye and Martini, 2014), the repulsive potential is commonly used to describe 

atomic interactions between graphene and substrate and between graphene and tip. As a 

result, the formation of covalent bonds is prevented at the contact interfaces.  

The excellent superlubrication of the bilayer graphene may be due to the fact that the 

interlayer van der Waals interactions between the graphene layers highly minimize their 

puckering effects and thus reduce their friction (Berman et al., 2014). Furthermore, Fig. 
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6.5 shows that a minimized pucker can release the stress of atoms in graphene under the 

indentation and thus reduce the possibility for the occurrence of tribochemical reactions. 

This can be verified by investigating the bond formation in the simulation of the bilayer 

graphene, as shown in Fig. 6.6a. The bonds between the graphene and the diamond tip and 

between the graphene and the DLC film are formed at the h of about 4 Å which is much 

larger than that for the film with the single-layer graphene. Therefore, the bilayer graphene 

exhibits better chemical inertness than the single-layer graphene.  

It is noticed that the formation of covalent bonds between the graphene layers 

commences at a large h of about 5.5 Å. Since the corresponding Ff shown in Fig. 6.2a 

highly increases at the same h, the superlubrication for the h between 4.0 to 5.5 Å should 

be dominated by a different mechanism instead of the puckering effect of the graphene. 

Fig. 6.6b shows that at the h of 5.0 Å the contact force between the graphene layers is still 

dominated by von der Waals interactions. In this case, the lateral sliding during scratching 

occurs as the relative movement of concaves of the graphene layers (Lee et al., 2010; 

Smolyanitsky et al., 2012). When h > 5.5 Å, the covalent bonds are formed between the 

graphene layers. The further increase of the h damages the structures of these graphene 

layers and thus highly increases the Ff.    

The above discussion of the tribochemical reactions of graphene is also applicable to 

explain its lubrication improvement by H passivation of the DLC film. With the increase 

of h, many covalent bonds are formed between the tip and the graphene, while less bonds 

are formed between the graphene and the DLC film due to its H-passivation. As a result, 

the number of bonds at the sliding interface is reduced, leading to the decrease of the Ff.  
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Fig. 6.6. (a) The bond number between graphene and the DLC film n1, between graphene 
and the diamond tip n2 and between graphene layers n3 and (b) the configuration of the 
system with bilayer graphene at the h of 5 Å.   

 

6.2.2. Load capacity 

The evolution of Ff with Fn is significant to evaluate the lubrication performance of 

graphene, as shown in Fig. 6.7. The direct scratch of the diamond tip against the DLC film 

(mg = 0) causes Ff to be almost linearly proportional to the Fn. This linear proportion is 

significantly influenced by the presence of the graphene. Under an appointed Fn the Ff is 

highly reduced with a large mg, thereby indicating that the graphene can efficiently 

n1 

n2 

0 

0.5 

1.0 

0 2 4 6 8 10 

n b
 (

10
2 )

 

(a)  
1.5 

h (Å)  

n3 

(b)  



Chapter 6. Influence of graphene lubrication  

130 

 

lubricate the DLC film even in extreme conditions. This is attributed to the formation of 

covalent bonds between the graphene and the diamond tip and between the graphene and 

the DLC film only in the contact area. As a result, the van der Waals interactions still exist 

at the contact interfaces outside this area. Hence, a larger mg induces stronger interactions, 

which can lower the adhesion force and thus the friction force.   

Moreover, when the graphene is present, the superlow Ff is observed at small Fn. Such 

superlow Ff corresponds to the van der Waals interactions at the contact interfaces between 

graphene, the diamond tip and the DLC film. A threshold Fn at which the Ff starts to 

increase determines the commencement of the formation of covalent bonds at the contact 

interfaces. Such threshold Fn increases with the mg, due to the better chemical inertness of 

the graphene with more layers.  

This threshold Fn also shows the limitation for superlubrication of the graphene. The 

threshold Fn for mg = 1 causes an average contact stress of about 90 GPa which is lower 

than the ideal rupture stress of the graphene (Klemenz et al., 2014; Meng et al., 2014). The 

lower contact stress indicates that the superlubrication of the graphene disappears and its 

structure is damaged far before its rupture. This indication is consistent with results in Fig. 

6.5c where the graphene is torn by the diamond tip, but is different from the observation in 

the literature (Klemenz et al., 2014; Sandoz-Rosado et al., 2012). In these studies, the 

Lennard-Jones potential is employed to model the interactions at the contact interfaces 

between graphene and tip and between graphene and substrate. This potential leads to that 

the structure damage of the graphene is only caused by its out-of-plane deformation.  

Although the contact stress that initiates the disappearance of superlubrication of 

graphene is lower than its ideal rupture stress, such contact stress is still much higher than 
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those reported in the experimental studies (Machado and Cavalca, 2015; Kulchytsky-

Zhyhailo and Bajkowski, 2012; Wang and Zhou, 2014). Therefore, the excellent 

lubrication of graphene can be realized in experiments, which agrees well with 

experimental observations (Berman et al., 2014; Berman et al., 2013a; Berman et al., 

2013b).   

It can be seen that the lubrication of graphene is highly influenced by its boundary 

condition (Fig. 6.7a). When its boundary is pinned, the threshold Fn initiating the increase 

of the Ff decreases, and at a large h such Ff can almost reach the value for the absence of 

the graphene. The decrease of the threshold Fn is due to the effect of pinned boundary of 

the graphene on the formation of pucker in front of the diamond tip. The high Ff is caused 

by the ruptured graphene. At the large h, the diamond tip contacts with the DLC film by 

crossing the ruptured graphene. As a result, the sliding of such tip is hindered by not only 

the DLC film but also the ruptured graphene that is unable move laterally due to its pinned 

boundary condition. Both the decrease of the threshold Fn and the increase of the Ff 

demonstrate that the graphene with a large size is unsuitable to be solid lubricants.  

Besides the friction force Ff, the scratching can also influence the normal force Fn. 

Under the maximum h that is constant in all the simulation, the DLC film without graphene 

undertakes a quite large Fn. This Fn is significantly reduced with the presence of the 

graphene, i.e., a larger layer number of graphene mg commonly causes a lower Fn.  

The effect of the graphene on the Fn can be interpreted by the contact configurations 

(Fig. 6.2a). After the initial equilibrium procedure before scratch tests, the presence of the 

graphene can highly increase the distance between the diamond tip and the DLC film by 

replacing covalent bonds between them with van der Waals interactions. Since the covalent 
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bonds are commonly much stiffer than the van der Waals interactions, under a same h, the 

increase of Fn caused by the van der Waals is lower than that caused by the covalent bonds.  

 

 
Fig. 6.7. Evolution of the friction force Ff with the normal force Fn for (a) the DLC film 
and (b) the DLC-H film.   
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covalent bonds between the diamond tip and the DLC film, resulting in a low adhesion 

force between them and thus the low Ff.  

The superlow Ff observed in Fig. 6.2a is nearly absent in Fig. 6.7. This is due to the 

weak van der Waals interactions between H atoms and C atoms. These weak interactions 

only cause a small Fn at a small indentation depth h at which the superlow Ff is present, 

i.e., the superlow Ff is actually obtained at a quite small Fn.  

When the graphene is present, the H-passivation of DLC film has a negligible effect 

on the threshold Fn for the increase of Ff but slightly reduces its increase. Such reduction 

is due to that the H-passivation can degrade C-C networks at the interface between the 

DLC film and the diamond tip and make lateral sliding easily happen at such interfaces 

(Erdemir et al., 2014).  

  

6.2.3. Effect of defects in graphene 

The excellent lubrication of graphene significantly relies on its perfect structure which 

guarantees its properties such as good chemical inertness and supreme mechanical strength. 

However, in the fabrication of graphene, its defects are commonly present and can highly 

degrade these properties and may influence its lubrication behavior. The porosity is a 

typical defect of the graphene and thus can be exemplified to investigate the effect of 

defects on its lubrication.  

Fig. 6.8a shows that the graphene with defects becomes uneven and easily forms 

covalent bonds with the diamond tip and the DLC film during the equilibrium procedure, 

indicating the strong chemical activities of the graphene. Such chemical activities are 

induced by the symmetry breaks of C atoms in graphene by its defects. The C atoms 
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dangle outside the plane of the graphene, thus increasing the chemical activities of the 

graphene. These dangling bonds can be easily saturated by those dangling bonds of the tip 

and the film.  

Fig. 6.8b shows that the graphene with a larger fraction of defects �{ exhibits a higher 

Ff at a small h. This indicates that the defects of the graphene highly degrade its lubrication 

performance. This degradation is mainly due to the fact that these defects can largely 

decrease the mechanical strength of the graphene (Tserpes and Vatistas, 2015) and promote 

the formation of covalent bonds between the graphene with the diamond tip and between 

the graphene and the DLC film. As a result, the diamond tip can easily tear the graphene 

with the degraded mechanical strength even at a small h, thus leading to the increase of Ff. 

With the increase of the fraction of defects in graphene, more covalent bonds are formed, 

thus causing a higher Ff even at a small h.  

At a large h, Ff is almost same regardless of the fraction of defects in graphene. This 

is because at the large h the structure of the graphene has been significantly damaged. The 

scratching actually happens as the diamond tip directly scratching the DLC film regardless 

of the presence of the graphene.    
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Fig. 6.8. (a) The contact configuration of the system with 10% defects in graphene, (b) the 
effect of the defects of graphene on the friction force Ff and (c) its dependence on the 
normal force Fn for the DLC film when single graphene layer is used.  
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The presence of defects in the graphene can also influence the dependence of Ff on Fn, 

as shown in Fig. 6.8c. For Fn < 250 N, a larger fraction of defects can induce a higher Ff, 

due to the formation of more covalent bonds at the sliding interfaces. However, this Ff is 

still lower than that for the DLC film without the graphene in Fig. 6.7a. This is attributed 

to that the Fn is not large enough to highly damage the structure of graphene and thus the 

graphene can still isolate the diamond tip and the film. Hence, the graphene with defects 

can still lubricate the film at a small Fn.  

Moreover, Fig. 6.8c shows that when the Fn is larger than 250 N, the Ff for graphene 

with different fractions of defects almost reaches the Ff of the DLC film without graphene 

(Fig. 6.6a). This is because the diamond tip directly scratches the film after the thorough 

damage of the graphene structure.  

In general, graphene can significantly reduce the friction of the DLC films regardless 

of the presence of their H-passivations and eliminate their composition dependence of 

friction behavior. Moreover, the chemical inertness of the graphene indicates that it may 

help to control the environment sensitivities of friction behaviors of the DLC films. The 

reduction of such sensitivities by graphene will be further studied in the future.  

 

6.3. Summary 

The lubrication of graphene for DLC films scratched by a diamond tip is simulated by 

MD simulation. The effect of factors including layer number of graphene, its boundary 

conditions and defects on the friction behavior of the film is studied. The graphene can 

lubricate the film with and without H-passivations by preventing the formation of covalent 

bonds between it and the diamond tip. Under a small normal force Fn, superlow friction 
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force Ff is present and dominated by the puckering effect of the graphene. However, under 

a large Fn, the Ff highly increases, due to the tribochemical reactions of the graphene that 

cause the formation of covalent bonds between the graphene and the diamond tip and 

between the graphene and the DLC film, respectively. These bonds help the diamond tip 

to easily tear the graphene during the scratching.  

The increase of layer number of graphene can significantly improve its lubrication 

performance, since the graphene with more layers is capable of keeping its chemical 

inertness at a much larger Fn. The presence of defects in graphene can degrade its 

lubrication performance, due to the fact that these defects can degrade its mechanical 

strength and increase its chemical activities. The pinned-boundary condition of the 

graphene can degrade its superlubrication and increase the Ff. It is suggested that the 

graphene with a large size is unsuitable to be solid lubricants. In general, both the DLC 

film with and without H-passivations exhibit lower Ff under the lubrication of the graphene. 

Therefore, it is concluded that the graphene can highly reduce the friction force of the DLC 

films and thus eliminate their composition independence of friction behaviors.  
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Chapter 7. Conclusions and recommendations 

This chapter presents main conclusions and contributions based on the works 

conducted during this PhD study and also gives recommendations for future works.  

 

7.1. Conclusions and contributions  

MD simulation is conducted to investigate tribological behaviors of DLC films at the 

nanoscale. The effects of contact conditions including two-body and three-body on the 

friction force and wear performances of the films are considered. The effect of 

environmental H atoms is studied to explore the superlow-friction mechanisms of the films 

in H2 atmosphere. Moreover, the lubrication of graphene for the films is evaluated to reduce 

the composition dependence of their friction behaviors. The main conclusions and 

contributions are listed as follows.  

For the DLC film under the two-body contact conditions, its wear rate increases with 

the load which can induce a transition of wear from adhesive to abrasive. The friction force 

of the film follows the Bowden-Tabor model at a small load, but deviates from the model 

at a large load due to the formation of transfer layers. Since the formation of these layers 

is commonly regarded as the main factor inducing the low friction of the DLC film at the 

macroscale, the present work demonstrates that these macroscale friction mechanisms are 

still valid at the nanoscale. The high velocity can reduce the friction force and wear rate of 

the film by reducing sliding depth of the diamond tip and number of bonds at the contact 

interface. With the increase of surface roughness, abrasive wear is highly promoted, 

leading to that the friction force of the film increases while its wear rate firstly decreases 
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and then increases. A minimum wear rate is thereby observed, which is attributed to 

competitions between the adhesive and abrasive wear.  

For the DLC film under three-body contact conditions, its friction and wear are 

determined by adhesion at a small load but dominated by both adhesion and ploughing at 

a large load. A high velocity can increase the friction of the film but reduce its wear, due 

to the response of its carbon networks to a high strain rate indicated by such velocity. The 

shape of the particle highly influences its movement mode and thus changes the friction 

and wear of the film. It is found that a small-sized particle can increase the friction and 

wear of the film by enhancing ploughing.  

The environmental H atoms can significantly reduce friction force of the DLC films, 

and the reduction mechanisms depend on the friction temperature. At low friction 

temperatures, H atoms are concentrated near the contact interfaces, and their passivations 

highly reduce the interfacial adhesion, resulting in low friction forces. However, high 

friction temperature induces significant diffusions of H atoms and thermal expansions of 

the DLC film and also increases its graphitization level. As a result, a wide region with 

easy-shear properties is formed at the high friction temperature, thus inducing low friction 

forces. Therefore, it can be concluded that besides the passivation of the H atoms their 

diffusions are also responsible for the low friction of DLC films in the H2 environment.  

The graphene can efficiently lubricate the DLC film, and its lubrication performance 

can be improved by the increase of its layer number but degraded by its defects and the 

increase of its size. The friction mechanisms of the graphene during its lubrication highly 

depend on the normal force. Under a small normal force, superlow friction force that 

represents the superlubrication of the graphene is obtained due to its puckering effect. 
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Under a large normal force, the friction force increases due to the tribochemical reactions 

of the graphene. Such reactions happen before the rupture of graphene, which indicates the 

limitations of the superlubrication of the graphene in a realistic situation.  

 

7.2. Recommendations  

It has been discussed that the tribological behaviors of the DLC films can be influenced 

by many factors such as testing parameters and environment. Such influences highly 

complicate the tribological mechanisms of these films and induce the instability of their 

friction and wear and degrade their reliabilities. Future works are recommended here to 

understand such complicated mechanisms of the DLC films at the nanoscale.  

Firstly, the effect of doping elements on the tribological behaviors of DLC films 

should be investigated. The films in this PhD study are pure and intact, thus exhibiting 

relatively simple tribological mechanisms. Experimentally, different elements such as 

titanium, silicon and silver have been doped into the DLC films to improve their 

mechanical properties. These films with doping elements may exhibit a nanocrystalline 

structure. Such structure can possess different mechanical strengths as compared to the 

carbon matrix and highly influence the graphitization of the films and thus the generation 

of wear debris. Moreover, during the friction process, the high friction temperature and 

mechanical mixing can cause the diffusions of the doping elements. These diffusions would 

largely change the properties at the contact interfaces and thus influence the mechanical 

properties in the subsurface of the DLC films.  

Secondly, it is of significance to investigate the effect of active gas on the tribological 

behaviors of DLC films. The active gases such as oxygen and water vapor can induce 
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tribochemical reactions at the contact interface between the films and their counterparts. 

The experimental studies have demonstrated that such reactions can highly influence the 

formation of transfer layers and their shear properties and thus change the friction 

mechanisms of the DLC films. Simulation of these tribochemical reactions can help to 

uncover the mechanisms underlying the experimental observations.  

Thirdly, the effects of multiple particles on the tribological behavior of DLC films 

should be considered. When the multiple particles are present, the tribological mechanisms 

of the films are influenced not only by the interactions between films and particles but also 

by the interactions between the particles. Such interactions highly depend on the particle 

size, shape and mechanical properties. These interactions can cause the particle 

fragmentations which highly influence the contact stress of the DLC films and their wear 

mechanisms.  

Finally, the lubrication of other low-dimentional materials may also help to reduce the 

sensitivity of the DLC films to their compositions and the test environment. The low-

dimentional materials such as carbon nanotube (CNT) and fullerene can work as lubricants 

of the films and are capable of reducing their friction and wear. Moreover, these materials 

have excellent chemical inertness and can highly reduce the chemical sensitivities of the 

DLC films, leading to the stabilization of their friction and wear.  
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