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Abstract: Friction behavior at fretting interfaces is of fundamental interest in tribology and is important in 

material applications. However, friction has contact intervals, which can accurately determine the friction 

characteristics of a material; however, this has not been thoroughly investigated. Moreover, the fretting process 

with regard to different interfacial configurations have also not been systematically evaluated. To bridge these 

research gaps, molecular dynamics (MD) simulations on Al–Al, diamond–diamond, and diamond–silicon fretting 

interfaces were performed while considering bidirectional forces. This paper also proposes new energy theories, 

bonding principles, nanoscale friction laws, and wear rate analyses. With these models, semi-quantitative 

analyses of coefficient of friction (CoF) were made and simulation outcomes were examined. The results show 

that the differences in the hardness, stiffness modulus, and the material configuration have a considerable 

influence on the fretting process. This can potentially lead to the force generated during friction contact intervals 

along with changes in the CoF. The effect of surface separation can be of great significance in predicting the 

fretting process, selecting the material, and for optimization. 
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1  Introduction 

Crystalline materials, such as metallic crystals and 

atomic crystals, can have a broad niche of applications 

for their distinctive properties. For example, aluminum 

(Al) is a typical and important metallic crystal that is 

often used as the base material in many essential 

parts in spacecraft [1–4], automobiles, and electronics 

such as batteries and triboelectric nanogenerators   

[5, 6]. This can be attributed to the high performance, 

good utility, and relatively low cost of aluminum.  

On the other hand, diamond and silicon (Si) are two 

traditional materials with high hardness atomic crystals. 

They are also commonly used in metal processing, 

coating, and protection [7, 8]. These materials, owing 

to their small-scale surface roughness (1–1,000 nm), 

inevitably suffer from micro-scale motions, i.e., the 

fretting process, when they form interfaces under 

normal service [9, 10].  

Theories such as the stick–slip effect [11, 12] can 

help in the understanding of the fretting phenomena. 

However, the fretting process for Al, Si, and diamond, 

until recently, has not been fully understood by the 

characteristic interface configuration. For example, Li 

et al. [13] and Lan et al. [14] analyzed the friction 

phenomena of Si incorporated diamond-like carbon 

films. Although the idea is useful for complex systems, 

it ignores how dissimilar materials and their signature 

properties are related during the friction process. 

Thus, it is not suitable to explain the universal fretting 

processes.  

Moreover, friction contact intervals exist as the 

counter-part of the friction contacts. This is because 

the friction heat dissipation needs a relaxation period  
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[15–17]. Friction contact interval refers to the time 

period when a certain asperity does not directly contact 

with or becomes severely deformed by the counter– 

surface asperities and when the force response shows 

less surface–interactive features. However, in most 

studies, the key feature of friction contact intervals is 

ignored. For instance, although the work by Morita  

et al. [18] and Sha et al. [19] emphasized more on the 

fundamental effects of a single material or chemical 

bases and groups; they merely focused on frictional 

contacts. 

In comparison to traditional research methods, e.g., 

finite element analysis, molecular dynamics (MD) 

simulations have an extremely high spatial and 

temporal resolution. MD simulations reveal the atomic 

scale friction by considering the macroscopic Hertz 

theory with an adhesion contact (e.g., JKR model 

(discovered by JOHNSON K L, KENDALL K, and 

ROBERTS A D) and DMT model (discovered by 

DERJAGUIN, MULLER, and TOPOROV)) [20]. To gain 

more insights into fretting friction, MD simulations 

were successfully applied to investigate the mechanism 

of monoatomic layer removal, abrasive rolling effects, 

material removal, and the surface finish in chemical 

or mechanical polishing processes [20–22]. However, 

questions remain in terms of how soft and hard 

materials (e.g., metals and atomic crystals) behave and 

how the force evolves during friction at an atomic 

scale are open to debate [23]. As a result, MD may be 

able to answer these questions. Although the standard 

tip–shape sliding model for friction analyses is 

commonly used in MD simulations [24], its relationship 

with the macroscopic phenomena, such as the coefficient 

of friction (CoF), is not fully and quantitatively 

understood [20]. Moreover, a reasonable layer division, 

a thermal boundary setup, and an asperity geometry, 

also add to the diversity and complexity of MD 

solutions for fretting friction problems [20, 25, 26].  

As a result, dynamical analyses that can distinguish 

friction contacts and friction contact intervals are 

often neglected. Whether the friction contact interval 

will play a role in MD simulations is unclear.  

In this study, MD simulations are performed to 

examine the whole continuous friction behavior of Al, 

diamond, and Si fretting interfaces by focusing on a 

comparison of their force responses. First, by referring 

to the published simulation parameters [23, 24, 27], 

the effects of interfacial configurations and material 

properties were examined by simulating the Al–Al, 

diamond–diamond, and diamond–Si fretting interfaces. 

Second, new theories are proposed to explain the 

cause of these effects. A good match between the 

simulation results, the theoretical analysis, and the 

available data illustrates the feasibility of the MD 

simulations to link the micro- and macro-fretting 

friction behavior. The different contributing factors 

for fretting surface separation, such as simulation 

conditions, are also considered. In brief, this paper 

illustrates the multiscale analysis approach by using 

the sequence of MD simulations to multiscale physical 

mapping. This includes the Hertz theory and statistical 

thermophysical laws, which leads to parameter 

correlations (e.g., CoF and interfacial separation) in 

the related fretting friction problems. This approach 

can guide the rational design of fretting friction systems 

for broader applications. 

2 Methodology 

2.1 Fretting layer configuration 

The simulation box is set up in large-scale atomic/ 

molecular massively parallel simulator (LAMMPS)  

for a volume of 70 Å × 40 Å × 52 Å with the use     

of periodic boundary conditions along the x- and 

y-directions, i.e., pps [28]. There were 7,402 aluminum 

atoms on the Al–Al fretting interface, 21,717 carbon 

atoms for the diamond–diamond fretting interface, 

and 3,112 silicon atoms with 10,844 carbon atoms for 

the diamond–Si fretting interface. The relative velocity 

of the two fretting interfaces was set to 0.1 Å/ps for 

continuous frictional contact. An illustration is shown 

in Figs. 1(a) and 1(b).  

Here, the two fretting interfaces are separated by a 

constant distance of 12 Å to mimic the real working 

conditions. This is achieved by supplying the equivalent 

vibrational loads during minute fretting motion 

while simplifying the simulation by simulating the 

fretting stroke via the periodical frictional contact 

process [29]. The selected separation guarantees that 

there will be no force interaction for the upper and 

lower substrates. The surface roughness is a factor 

that highly affects the performance of the two fretting 

interfaces [30, 31]. Therefore, when the analysis is  



Friction 9(1): 119–131 (2021) 121 

∣www.Springer.com/journal/40544 | Friction 
 

http://friction.tsinghuajournals.com

focused on micro principles, it is reasonable to simulate 

the single asperity in a hemisphere shape [32]. Because 

a single asperity size will affect the friction behavior 

between the fretting interfaces, the single asperity 

was set to 24 Å in diameter for the closest contact 

conditions [24], and two asperities were initially 30 Å 

apart and free from the molecular force interaction 

for relaxation, which ensures equilibrium. 

Both the upper and lower substrates were divided 

into two parts according to their motion characteristics. 

The lower substrate consists of the moving layer  

(0–6 Å) and the freely deforming layer (6–20 Å). It can 

guarantee full interaction force relaxation from the 

influenced or contacted layers. For the upper substrate, 

the configuration consists of the freely deforming 

layer (32–46 Å) and the immobile layer (46–52 Å). A 

summary of the configuration parameters is listed in 

Table 1. Both parts of the immobile layers are regarded 

as rigid bodies. The internal degrees of freedom are 

fixed with a strong harmonic potential to maintain 

the shape of the whole system [18]. Moreover, the 

temperature of the asperities on the upper and  

lower substrates varies without restriction because 

the fretting process may introduce heat transfer. The 

freely deforming layers were simulated at a constant 

temperature of 300 K [33].  

Table 1 Geometric information of the MD simulation model. 

(a) Simulation box illustration 

Part Shape Dimension (Å) 

Lower substrate Cubic 70 × 40 × 20 

Upper substrate Cubic 70 × 40 × 20 

Single asperity Hemispheric D = 24 

(b) Material characteristics parameters 

Material Orientation Lattice (Å) Bond length (Å)

Al Face-centered 
cubic (FCC) 4.03 Al–Al: 2.80 [25]

Diamond Diamond (Cubic) 3.57 C–C: 1.54  

Si–crystal Diamond (Cubic) 5.43 C–Si: 1.85 

 

The friction contact interval denotes the period for 

a certain asperity that is not in direct contact with or 

is severely deformed by the single asperity as depicted 

in Fig. 1(c). To simplify the analysis after several 

instances of fretting frictional contact, this definition 

also applies based on the original geometry as 

demonstrated in Fig. 1(d) [15]. The method and 

definition are similar to the fractal model proposed 

by Chen et al. [15]. This is also compatible with other 

simulation methods, including finite element analysis, 

when considering the size effect, the configuration 

 

Fig. 1 Illustration of the MD simulation of the fretting interface and friction process: (a) the fretting interfaces model and simulation 
settings, (b) simulation conditions when the motion is started (diamond–diamond fretting interface as an example)/illustration of the 
friction contact intervals, (c) with intact asperities, and (d) contact surface deformation after the fretting process. 



122 Friction 9(1): 119–131 (2021) 

 | https://mc03.manuscriptcentral.com/friction 

 

shapes, and other factors [34–36]. This contact interval 

model, which simulates two individual continuously 

contacted asperities in the fretting process, gives the 

force response analyses a more dynamical basis on 

surface evolution with time. 

2.2 Force field selection 

To better describe the material interaction and energy, 

Al is described with the embedded atom method (EAM) 

force field [37–39], which denotes the interactions 

between metallic atoms:  
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Where 
i

E  denotes the interaction energy; F  is the 

embedding function;   indicates the electron charge 

density of atom type  ; rij is the separation distance 

between the atoms i and j;   is a factor for the pair 

potential interaction depending on the element types 

of atoms i and j;   and   are label types of the 

atomic elements i and j. 

Furthermore, diamond and Si are described with 

the Tersoff force field [40–42]:  
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Equations (2) and (3) describe the interactions 

between the atoms as three-body interactions with 

considerations for the repulsive and attractive forces, 

r
f  and 

a
f . 

ij
V  is the interaction potential between 

atoms i and j. It is a function of 
r

f  and 
a

f  and is 

modified by the ratio 
ij

b  and the distance factor cf , 

which determines the effect of the cutoff distance. 

3 Results and discussions 

3.1 Fretting process analysis 

3.1.1 General trend 

During the simulation, the friction and normal force 

values are important factors that need to be considered. 

After the simulation was started and when the original 

system reached equilibrium [29], the force responses 

were regarded as zero to rule out the Derjaguin effect. 

The friction and the normal force to friction were 

treated as relative values to describe the changes 

during the fretting processes as presented in Figs. 1(a) 

and 1(b) [43]. As a result, the influence of the forces 

before equilibrium can be excluded.  

The whole fretting process is depicted in Fig. 2. 

The first friction contact process was investigated for 

severe wear or deformation, which is presented Fig. 3. 

During the first friction contact, if the upper and 

lower single asperities were equally hard and stiff, 

both individual asperities displayed severe wear from 

12 Å to 4–6 Å or less as illustrated in Figs. 2(c), 3(a), 

and 3(b). If the upper and lower single asperities 

have a large hardness and stiffness differences, which 

is the case for the diamond–Si fretting interface, the 

relatively soft asperity will be deformed and will be 

worn to a mostly flat surface. In addition, the harder 

asperity will remain intact, as depicted in Fig. 3(c). 

It should be noted that diamond has a Mohs 

hardness of 10.0 and a bulk modulus 530.0 GPa, while 

Si has a Mohs hardness of 7.0 and a bulk modulus  

of 95.0 GPa. 

3.1.2 Difference of atom redistribution/transfer modes 

For Al–Al and diamond–diamond coupled fretting 

interfaces, there is no difference in the hardness between  

 

Fig. 2 Illustrations of Al–Al first friction contact during the fretting process: (a) the fretting process starts, (b) wear begins during the
first friction contact, and (c) the first friction contact finishes and the interval ends. 
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the upper and lower substrates. Both asperities show 

clear signs of wear as indicated by the microscopic 

mass transfer with collective atomic exchange, which 

is revealed by the atomic bond analysis. In addition, 

the contact area increases, especially during the first 

friction contact as presented in Figs. 2(a) and 2(b). The 

Al–Al interface has a different area increment mode 

than the diamond–diamond interface as depicted in 

Figs. 3(a) and 3(b).  

Macroscopically, this can be analyzed by the Hertz 

theory with adhesion conditions [20]: 
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          (4) 

Where A indicates the contact area;   is the constant 

factor for the detailed geometric effect; R is the 

effective asperity radius; 
N

F  is the effective normal 

load; *E  is the equivalent contact response factor 

determined by the Poisson’s ratio 
i

v  and the Young’s  

modulus 
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E  in terms of 
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4γπR illustrates the adhesion contact modification, 

which regards the surface energy γ of the fretting 

surfaces. 

Under our simulation conditions, the change in 

area (increment) will be affected according to 
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Note that the surface energies of Al, Si, and diamond 

are of the same order of ~1,000 mJ/m2. Because the 

Al–Al interface has a smaller Young’s modulus than  

the diamond–diamond interface, then the Al–Al 

interface has a smaller force produced with the same 

initial conditions. Therefore, with a larger area and  

a smaller force response after the same time period, 

the Al–Al interface will evolve to obvious wear and a 

larger increase in contact area according to the 

implicit function of Eq. (5). 

Microscopically, the diamond lattice parameter is 

less than aluminum as displayed in Table 1. The bond 

equivalent spring constant, i.e., the stiffness denoted 

by the bulk moduli, of C–C is much larger than Al–Al. 

That is 

     2 2
Al Al C C

1 1
(Al Al) (C C)

2 2
E k x k x E    (6) 

Al Ck k ;   Al Cx x              (7) 

where E denotes the thermal energy of the atoms at a 

certain temperature under the harmonic oscillation 

approximation, and k is the effective spring constant 

for the atoms. This means that the worn Al atoms are 

easier to redistribute in a longer-range and increases 

the frictional area. In contrast, the worn C atoms 

depend on the deformation in a shorter-range.  

Moreover, Al as a metallic crystal has homogenous 

bonding possibilities in all directions because the 

bonding behavior is dominated by free electrons. 

Meanwhile, diamond, which is an atomic crystal, is 

fully bonded with certain orientations by covalent 

electrons. Given the relationship, the possibility for a 

diamond atom to transfer will be much lower than an 

aluminum ion/atom [20, 24, 43, 44], that is 
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Fig. 3 Single asperity wear situation after the first friction contact for (a) Al–Al fretting interface, (b) diamond–diamond fretting 
interface, and (c) diamond (upper) –Si (lower) fretting interface. 
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  C C (Al Al)P P          (9) 

where (surface surface)P  denotes the single atom 

transfer probability due to the bond breaking at the 

interface.  V  is the product of the load stress   

and the activation volume V, and   (V)N  is the bond 

deformation energy for the single bond breaking energy  

   2

atom atom

1

2
k x , and the number of atoms/ions in  

the activation volume (V)N  at the detached surface. 

As a result, free electrons promote residual stress 

along the lattice deformation by eliminating the bonding 

direction trends. This is achieved by spreading the 

worn atoms more easily and propagating the energy 

more quickly. On the other hand, diamond atoms  

can only hold a certain shape, even under severe 

deformation [45, 46]. 

On the other hand,   ( )N V  denotes the attaching 

energy   of the same transfer atoms along the 

attached surface. The attachment of the worn atoms 

can be divided into two energy forms: direct re-bonding 

and/or van der Waals interaction. We should note 

that this volume is different from the single asperity 

volume. This is because the activation energy also 

accounts for the volume that is not directly inside the 

asperity, but is affected by the stress. 

Results after three continuous fretting friction contacts 

are summarized in Figs. 4(a)–4(c). The diamond–Si 

tribo-pair, even after the third fretting contact, is 

shown in Fig. 4(c); the worn Si and diamond atom 

cannot attach to the diamond surface. In contrast, the 

Al–Al tribo-pair displays a clear ion/atom transfer. 

This is caused by the physical phenomenon described 

in Eqs. (8) and (9). According to Fig. 4(d), given the 

tight-bonding, the deformation is due to inter atomic 

potential barrier reduction, which frees the atoms/ions 

in the inner-material to move [47, 48]. However, the 

attachment of the atom requires the energy barrier to 

be overcome at the interface, which is proportional to 

their bond dissociation energy. This is approximately 

~186 kJ/mol for Al–Al, ~607 kJ/mol for C–C, and ~435 

kJ/mol for C–Si. These energy barriers are due to the 

different bond lengths as shown in Table 1(b). This 

energy is much larger than the bond deformation 

energy as presented in Fig. 4(d). 

Because the Al–Al bond dissociation energy is 

smaller than that of C–C and C–Si, it is easier for Al 

to cross the interfacial barrier in an atomic hetero- 

surface attachment. This is confirmed by the bonding 

analyses after each frictional contact, as depicted in 

 

Fig. 4 Single asperity wear situation after the third friction contact for (a) the Al–Al fretting interface, (b) the diamond–diamond fretting
interface, and (c) the diamond (upper) –Si (lower) fretting interface, (d) the illustrative description of the atomic-scale deformation 
(bond deformation energy) and the interfacial attachment (bond dissociation energy)—Process 1: Atom transfer between the surfaces; 
Process 2: Atom inner-surface redistribution. 
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Fig. 5. Even if the van der Waals interaction is con-

sidered as the attachment driving force, the attachment 

probability analyses are feasible. This is because the 

van der Waals interaction is only ~0.1–10 kJ/mol [49, 

50]. From the simulation, it is reasonable to believe 

that the atomic hetero-surface attachment is the 

indicator of an interfacial transfer. This observation is 

significant for coating, lubricant, and other fundamental 

tribology studies. This is because these processes and 

applications involve inevitable interfacial contacts 

and mass transfer [18, 20]. Their performance is mainly 

determined by the evaluation of a similar hetero- 

surface attaching process. 

3.2 Force responses and CoF 

The results of the friction force and the normal force 

responses are provided in Fig. 6. From the microscopic 

point of view, the friction force is related to the normal 

force and the contact area [51, 52]. The estimation for 

the CoF is 



  

   
 

  

force area

F A

d d d d ( , , )

d d

( )

f f f f

N N

F F F F v T

F F

o

   (10) 

Equation (10) indicates that friction is composed  

of two components in the micro-scale. forcef
F  or 

F
 

demonstrates how the normal force governs the 

friction force responses; whereas areaf
F  or 

A
 clarifies 

the effect of the contact areas, i.e., the atomic scale 

frictional adhesion, in the frictional analysis.  

One clear observation is that for Al–Al, there exist 

obvious and significant force responses in the friction 

contact intervals. As stated in Section 3.1, it is easier 

for Al in hetero-surface attachment. The attachment  

and the increase in area, as shown in Fig. 4(g), delay 

the separation of the atoms from both Al surfaces, 

which leads to the interval force response. Therefore, 

we propose that this is the reason why metal surfaces 

have a higher friction. Besides, the frequent negative 

force response on the Al–Al surfaces indicates the 

isotropic force exerted by the ions/atoms. This is 

different from diamond–diamond and diamond–Si 

surfaces. It also illustrates why past experiments and 

simulations can only give a wider range of the varying 

CoF in comparison to two other systems as described 

in Table 2. 

When Al–Al, diamond–diamond, and diamond–Si 

fretting interfaces reach an equilibrium, the CoFs can 

be calculated while considering the fretting intervals 

as shown in Eq. (10). After referring to the normal 

CoF range for the above materials, a comparison  

was made and the error is listed in Table 2 [53]. This 

provides reasonably well-matched quantitative results. 

Along with the fretting process analyses and the 

force response characterizations, this can be helpful 

for predicting and optimizing the interfacial fretting 

friction behavior. 

3.3 Effect of separations 

As mentioned above, a single asperity that is 24 Å in 

diameter and is separated by 12 Å is for the closest 

contact conditions. However, for this separation, this 

may not be the worst fretting conditions or the worst 

friction conditions with the largest CoF. To investigate 

the effect of the separation distance on the fretting 

friction behavior, a series of 12, 18, and 24 Å separations 

were simulated and the results are plotted in Fig. 7. 

Because only the Al–Al interface encounters severe 

wear with a clear atomic transfer, the effect of separation  

 

Fig. 5 Results of the bonding analyses for Al–Al, diamond–diamond, and diamond–Si after each friction contact. 
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Fig. 6 Force responses between the fretting interfaces during continuous frictional contact: (a) the friction force responses for the Al–Al
fretting interfaces, (b) the normal force responses to the friction force for the Al–Al fretting interfaces, (c) the friction force responses 
for the diamond–diamond fretting interfaces, (d) the normal force responses to the friction force for the diamond–diamond fretting 
interfaces, (e) the friction force responses for the diamond–Si fretting interfaces, and (f) the normal force responses to the friction force 
for the diamond–Si fretting interfaces. All non-shadowed areas indicate the friction contact intervals, (g) illustration for the distance 
reduction and area increment of the Al–Al frictional contact, interval force responses, and the displacement of the Al–Al lower layer. 

Table 2 Comparison of the simulated CoF and the CoF range. 

Material A Material B Friction coefficient range Simulated CoF Error 

Al Al 1.05–1.35  1.189 ~0% 

Diamond Diamond 0.10–0.16 0.175 ~9.4% 

Diamond Si-crystal 0.19–0.33 0.178 ~6.3% 
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on the bonding numbers is investigated for the Al–Al 

tribo-systems. As shown in Fig. 7(a), with the increase 

in the separation, the bonding number decreases. 

This is because R in Eqs. (4) and (5) decreases macros-

copically; thus, reducing the effective contact area. 

Moreover, P(surface surface) in Eqs. (8) and (9) 

reduces microscopically as the activation volume is 

smaller with the larger interfacial gap as illustrated in 

Fig. 4(d). With an increase in the number of times of 

frictional contact, we can tell that the bonding numbers 

are increasing in a sub-linear way. This indicates that 

the wear and atomic transfer is less and approaches the 

saturation bonding numbers after several continuous 

frictional contacts. 

For CoFs, all simulated values are within the 

reasonable engineering ranges as demonstrated in 

Fig. 7(b). However, all tribo-pairs possess a larger CoF 

with a separation of 18 Å. This illustrates the differences 

between the worst fretting friction conditions and  

the closest contact conditions. In our case, the closest 

contact condition exerts inter-atomic repulsion with 

such a small separation distance [54], which will 

slightly reduce the friction or heavy adhesion. On the 

other hand, if the separation is large enough, up to  

24 Å, the contact area is suppressed when the interfacial 

distance increases beyond the possible effective short- 

range atomic interaction range. Then, the CoF will be 

smaller for a larger surface separation. 

The observation of the separation effects is important 

for MD simulations. As discussed, it will influence 

the fretting friction prediction accuracy and the 

optimization in applications. The worst fretting friction 

situation or other different situations needs to cater 

to the needs of real systems whether to choose the 

closest contact situation. 

4 Conclusions 

As the MD simulation indicates, Al shows a relatively 

high softness. This results in the increase in contact 

area, the atom/ion hetero-surface transfer, and the 

attachment. The easier atom/ion transfer and redis-

tribution delays the friction force relaxation in fretting 

contact intervals. Because diamond and Si have no 

isotropic force response in the fretting process owing 

to their covalent bonds, they behave differently during 

the fretting process in the following ways. First, the 

contact area difference, the easiness of the atom/ion 

transfer, and the attachment contribute to different 

force responses. Second, owing to these factors, it is 

physically understandable that metal–metal contact, 

e.g., Al–Al, will have a larger CoF. 

The comparison between the CoF range and our 

simulated CoF proves the validity of our simulation 

for the continuous friction process at the fretting 

interface. In this sense, we should consider the 

importance of interfacial characteristics, e.g., micro- 

configuration and hardness, when analyzing the 

fretting process. The interfacial characteristics will lead 

to different force responses for Al–Al, diamond– 

diamond, and diamond–Si interfaces during friction 

contact intervals. As a result, the force investigation 

at the contact intervals must be considered in order 

to fully understand the whole continuous fretting 

 

Fig. 7 (a) The worn atomic bonding number of the Al–Al tribo-pairs during the first three friction contacts separated by 12, 18, and 24 Å;
(b) theCoFs of Al–Al, diamond–diamond, and the diamond–Si tribo-pairs under the separation of 12, 18, and 24 Å. Note: The “contact 
time” here refers to the number of contacts of interests. 
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process. Moreover, in simulations, the interface with 

a suitable separation is also a major factor for the 

actual replica of real systems. It is because the 

separation will affect the friction behavior of the 

observed fretting process.  

In summary, a simulation study to reveal the micro- 

and macro-explanation for the different tribo-pairs 

has been conducted. Together with new theories that 

include energy barrier analyses, wear rate theories, 

and nanoscale friction laws, it is validated that our 

observations for these phenomena in the fretting 

processes can be generalized. Owing to the possible 

prominent force responses during contact intervals 

and the influence from the separation, the continuous 

frictional behavior on the fretting interfaces largely 

depends on the frictional intervals and the interface 

separation. 
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