
Friction 6(3): 245–259 (2018) ISSN 2223-7690 
https://doi.org/10.1007/s40544-018-0234-6  CN 10-1237/TH 

REVIEW ARTICLE  

 
 

Adhesive wear mechanisms uncovered by atomistic 
simulations 

 
Jean-François MOLINARI1,*, Ramin AGHABABAEI2, Tobias BRINK1, Lucas FRÉROT1, Enrico MILANESE1 
1 Civil Engineering Department, Materials Science Department, École Polytechnique Fédérale de Lausanne, Lausanne 1015, Switzerland 
2 Department of Engineering - Mechanical Engineering, Aarhus Universitet, Aarhus 8000, Denmark 

Received: 01 May 2018 / Revised: 14 July 2018 / Accepted: 16 July 2018 

© The author(s) 2018. This article is published with open access at Springerlink.com 

 

Abstract: In this review, we discuss our recent advances in modeling adhesive wear mechanisms using 

coarse-grained atomistic simulations. In particular, we present how a model pair potential reveals the transition 

from ductile shearing of an asperity to the formation of a debris particle. This transition occurs at a critical 

junction size, which determines the particle size at its birth. Atomistic simulations also reveal that for nearby 

asperities, crack shielding mechanisms result in a wear volume proportional to an effective area larger than the 

real contact area. As the density of microcontacts increases with load, we propose this crack shielding 

mechanism as a key to understand the transition from mild to severe wear. We conclude with open questions 

and a road map to incorporate these findings in mesoscale continuum models. Because these mesoscale models 

allow an accurate statistical representation of rough surfaces, they provide a simple means to interpret classical 

phenomenological wear models and wear coefficients from physics-based principles.  
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1  Introduction 

In 1995, when Meng and Ludema [1] reviewed an 

extensive literature of around 300 equations for friction 

and wear, times were dire for tribology. Progress 

had arguably slowed down since the golden age of 

tribology in the 1950s, and research funding from 

national science foundations in various countries was 

being cut for tribology research and reallocated to 

other scientific fields. This was happening despite the 

importance of understanding and controlling wear 

mechanisms for industry and society at large. After 

a detailed analysis of wear models, including their 

origin, content and applicability, Meng and Ludema 

concluded that “No single predictive equation or group of 

limited equations could be found for general and practical 

use. The reasons include the perpetuation of erroneous 

and subjective expressions for the mechanisms of wear, the 

slow pace of translation of microscopic observations into 

macroscopic models of the wearing processes and the paucity 

of good experiments to verify proposed models”.  

Meng and Ludema’s review came after three cen-

turies of scientific investigations on wear mechanisms, 

which started in 1803 with Hatchett [2]. This had  

led to the emergence of a myriad of empirical/ 

phenomenological models, often with increasing 

complexity (Meng and Ludema, for instance, refer to 

one model with 26 independent material parameters). 

Amongst them is the ubiquitous Archard wear law 

[3], which will be discussed at length in this paper. 

Archard’s law is arguably the simplest existing wear 

model, and we here briefly recall its proposition: the 

wear volume (total volume of collected debris) is 

proportional to the normal load, the sliding distance, 

and inversely proportional to the hardness of the softer 

material in contact. Simple theoretical arguments [3]  
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can be brought forward to explain the mechanistic 

origins of this model, but the theoretical prediction 

does not agree with experimental data without using 

a proportionality constant, the wear coefficient K. 

This coefficient is essentially an experimental fitting 

parameter, and it is not a small correction, but a strong 

adjustment of several orders of magnitude. Typical 

values for the wear coefficient are between 10–2 to 10–8. 

The origin of K is unclear, but K is usually interpreted 

as a probability, because only a few contact asperities 

amongst the many form wear particles. It is telling 

that even the simplest wear model necessitates an 

empirical adjustement. As stated by Meng and 

Ludema, by and large, our macroscopic engineering- 

scale understanding of wear remains limited [1, 4]. 

However, this does not come as a surprise to   

the initiated tribologist, because it is hard to find a 

more complex and dirty problem than wear. After all, 

wear processes emerge from a variety of physical and 

chemical mechanisms at disparate time and length 

scales. Wear comes in many forms, amongst which 

adhesive and abrasive wear are the most prominent [5]. 

Wear processes depend on environmental conditions 

and vary with time. It is impossible to draw up an 

exhaustive list here. They depend on the rate of 

physico-chemical reactions, and also on the evolution 

of surface roughness that dictates the geometry and 

pressures at microcontacts. In lubricated contacts the 

lubricant properties may degrade with time. The wear 

particles and sheared materials form a tribolayer with 

complex properties and in turn alter the surface pro-

perties. All this complexity resulted in little alternatives 

to empirical models relying on parameters calibrated 

for specific materials and applications.  

A major advancement came in the 1980s/1990s 

thanks to nanotribology. Atomic-force microscopy 

(AFM) provided a means to explore the fundamental 

mechanisms leading to friction and wear. A turn was 

taken towards identifying molecular mechanisms 

experimentally and opening a dialogue with increasingly 

reliable numerical simulations. Numerical modeling 

of wear processes is appealing as it opens the possibility 

to zoom in on an otherwise buried contact interface. 

However, numerical modeling comes with its own 

difficulties. These stem from the challenge of scales 

of tribological problems and once more from the 

complex physico-chemical mechanisms taking place 

at the contact interface. Let us consider the challenge 

of scales for a moment, and limit ourselves to the 

question of relevant length scales for wear processes 

(the question of relevant time scales is equally if not 

more important but will be left out of the discussion 

of this paper). One may resort to atomistic simulations, 

as for instance with classical molecular dynamics 

(MD). This is a very useful approach in particular 

because it is relevant in scale to AFM experimental 

data [6–11]. However, classical MD simulations are 

limited to sizes below microns, which are disconnected 

from the vast category of engineering wear scenarios, 

in which wear particles are of the order of, or above, 

micrometers, i.e., orders of magnitude larger than the 

scale at which MD simulations operate. Alternatively, 

wear modeling approaches can be conducted at a larger 

scale, at which one would apply efficient continuum 

mechanics models. This is for instance the approach 

taken with the finite-element method (FEM) or with 

the boundary-element method (BEM). Besides com-

putational efficiency, a major advantage of these 

numerical approaches is that it is fairly straightforward 

to account for diverse constitutive behaviors. But a 

major disadvantage is that they do not give insights 

on molecular mechanisms, and struggle to handle the 

large deformations, tearing, breaking and mixing of 

materials resulting from wear processes.  

This challenge of scales has motivated us to work 

at an intermediate scale, denoted here by mesoscale, 

and to revisit the classical Archard wear law. The 

present manuscript reviews and discusses the im-

plications of our recent results. It is organized in two 

steps: we will first describe our efforts at capturing 

the atomistic mechanisms leading to the formation of 

wear debris. This will be conducted using classical 

molecular dynamics. Then we will incorporate our 

findings in a mesoscale continuum mechanics BEM 

solver. The focus of the paper is on adhesive wear, i.e., 

the formation of debris particles when contact junctions 

form under strong adhesive bonds. We restrict our 

attention to dry sliding between two identical solid 

materials. We will consider the adhesive strength 

between the two bodies to be a constant, thereby  
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neglecting ageing or oxidation mechanisms. Naturally, 

the approaches detailed in this paper can be developed 

further to include the presence of lubricants, ageing, 

and contrast between material properties as in abrasive 

wear, but this will be the topic of future work.  

Section 2 describes our model atomistic pair potential. 

We discuss how this potential may be interpreted  

as a coarse-grained potential or discrete-element 

potential [12–14], in which case a discrete point should 

be interpreted as a group of atoms or grains, giving 

access to larger physical sizes. Section 3 summarizes 

the main components of our atomistic model for 

adhesive wear. One may distinguish between three 

fundamental asperity-level mechanisms behind wear: 

atom-by-atom attrition in the light load limit [15–17], 

gradual smoothing by dislocation plasticity [18–21] 

and amorphization [22], as well as fracture-induced 

third body formation [23–25]. The chosen geometry 

imposes a large overlap between opposing asperities 

and/or large loads, and aims to explore the transition 

between plastic smoothing of asperities and debris 

formation. We do not investigate the atom-by-atom 

attrition mechanism in this paper. In Section 4, we 

show that our potential is able to reproduce the ductile 

to brittle transition of contacting asperities [26]. The 

transition occurs at a critical junction size that depends 

on material properties. Contact junctions above the 

critical length scale form a debris particle, while 

smaller junctions deform plastically, and may form a 

debris particle at a later stage of the sliding history if 

the junction size then reaches the critical length scale. 

This gives a deterministic evaluation at the debris 

level of the wear coefficient in Archard’s wear law. K is 

either 1 (for large junctions) or 0 (for small junctions). 

Remarkably, it is not a probability anymore. Section 5 

explores the life of a debris particle. We restrict our 

attention to contact junctions that are large enough to 

generate a debris particle and examine if Archard’s 

law is recovered at the asperity level. We summarize 

the findings of a recent paper [27] in which we 

demonstrate that in the presence of strong adhesive 

forces, the frictional work is a good predictor of wear 

volume at the single asperity level, instead of the 

normal force component as used in Archard’s wear law. 

Section 6 investigates the question of interactions,  

in the process of debris formation, between contact 

asperities. For nearby contact junctions, we show that 

crack shielding mechanisms occur, resulting in larger 

debris sizes. We argue that these mechanisms might be 

key to explain the transition from mild to severe wear 

[28]. Finally, Section 7 explores the upscaling of these 

findings in a BEM mesoscale model consisting of an 

elastic rough surface under normal loading. We examine 

the microcontact maps and obtain a direct measure of 

the wear coefficient for Archard’s wear law [29].  

2 A simple model atomistic potential 

Previous atomistic modeling studies of adhesive wear 

predict a continual smoothing of surface asperities 

rather than the formation of debris particles [8, 9, 22, 

30–33], inconsistent with macroscopic experimental 

observations. This can be understood in light of the 

challenge of scales discussed earlier. Simulation sizes 

amenable to reasonable computation times on modern 

computers are orders of magnitude smaller than the 

process zone sizes needed for generating wear particles 

by nucleation and propagation of subsurface cracks 

in many materials. These process zone sizes can   

be estimated by the square of the ratio of fracture 

toughness to yield strength. For instance, it is of the 

order of mm or above for metals, orders of magnitude 

above world-record atomistic simulations.  

This long-standing quest for physics-based simulations 

of wear debris formation has been recently addressed 

through a coarse-grained atomistic approach [26]. This 

permits the simultaneous description of plastic defor-

mation and fracture phenomena at a desirable length 

scale. In this approach, the material is modeled as a 

set of discrete points. System responses beyond the 

elastic limit (i.e., plasticity and fracture) are controlled 

by interactions between those points. For instance, 

the brittle/ductile response of the system, which is 

controlled through the competition between surface 

energy and the energy associated with plastic slip, can 

be tuned by modifying the potential well, the shape 

of potential tail and cut-off radius.  

Considering a nearest-neighbor pairwise potential, 

we modified the long range character of the Morse 

potential [34] without disturbing the short range 

interactions (elastic properties) as follows:  
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where the 
cut

r  parameter defines the potential cut-off 

radius and controls the interaction length scale and 

1
c  to 

4
c  are parameters. A smaller 

cut
r  makes the tail 

of the potential steeper, thereby increasing the yield 

strength. 
o

r  is the equilibrium bond distance at 

0T   and   is the bond energy. The 1.1 factor ensures 

constant elastic properties up to 10% strain. This allows 

us to study the influence of inelastic properties while 

keeping the elastic properties fixed. In a coarse-grained 

interpretation of this potential [26], the distance between 

discrete points determines the scale at which plasticity 

and fracture phenomena are simulated. Interpreting 

this distance as the spacing between atoms gives 

classical MD results, in which plasticity and fracture 

are refined to a single dislocation and the rupture of 

an atomic bond respectively.  

Figure 1(a) shows the bond energy versus atomic 

bond length for six different cut-off radii, with the 

smallest (P6 potential) corresponding to the most  

brittle behavior. In order to obtain the shear strength 

associated with each potential, we performed 2D 

indentation simulations. To model non-adhesive contact, 

we only considered the pure repulsive contribution 

of the interfacial potential. The indentation responses 

of all potentials are shown in Fig. 1(b). To extract the 

hardness value from these curves, we plot the contact 

pressure as the ratio of the indentation force (P) to 

the projected contact area (A), versus indentation 

depth [35]. Surface atoms within the cut-off radius  

of the interfacial potential are considered to define 

the atomic area of contact [36–38] Accordingly, the 

projected contact area at the atomic scale is computed 

[39]. Upon continued loading, the stress remains at a 

relatively constant value, which we take as the hardness. 

The critical shear strength   corresponding to each 

potential is estimated as 
1

3 3
H   [40]. In simulations  

with full interfacial adhesion the junction strength 

j
  is taken equal to  . Note that in a 2D setup, 

plastic deformation occurs on three in-plane dislocation 

slip planes. We also performed 3D indentation 

simulations to characterize 3D coarse-grained potentials 

using a spherical indenter, see Fig. 1. 

 

Fig. 1 (a) The bond energy versus atomic bond length is plotted for 2D (P1-P6) and 3D (P7) coarse-grained potentials. Bond energy and 
length are normalized by the depth of the potential well ( )  and the equilibrium bond length (r0), respectively. (b) Contact pressure 
versus indentation depth obtained from 2D and 3D indentation simulations. The contact pressure is computed as the indentation force
divided by the projected contact area. The plateau values are considered to be the effective hardness. (c) and (d) show snapshots of 
indentation simulations, showing plastic activity under the indenter in 2D (with P6 potential) and in 3D (with P7 potential). 
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3 A simple model for adhesive wear at 

the asperity level 

Besides the different parametrizations described in 

the previous section, the simulations performed using 

LAMMPS [41] differ in initial geometry, loading and 

boundary conditions (Fig. 2). These conditions are 

described in this section, where all quantities are 

expressed in reduced units as we model a single atom 

type with fundamental quantities m, 
0

r ,  , and 
B

k , 

which are respectively the atom mass, the equilibrium 

bond length, the equilibrium bond energy, and the 

Boltzmann constant.  

To reduce the computational resources needed, 

most of the simulations are run in 2D, with some  

3D calculations run on high-performance computing 

platforms. The model consists of two contacting 

solids with a focus on the atomistic mechanisms at 

the contacting asperities: to this end, the simulation 

box size is large enough along the vertical direction to 

diminish boundary effects, while periodic boundary 

conditions are applied along the horizontal direction. 

The top body slides continuously at a constant velocity 

0 001 0 05v     1m  , which is applied at the top 

atoms. The bottom atoms of the bottom body are 

instead fixed horizontally. Both bodies can translate 

vertically, so that the simulation box can expand or 

shrink upon asperities collision. To keep the bodies  

in contact, a constant vertical force 
y

f  of magnitude 

up to 0.02 1

0
r   per atom is applied on the top and bot-

tom boundaries. A temperature of 0.1 1

B
k   is enforced 

by means of Langevin thermostats with a damping 

parameter of 0.05  1

0
/r m  applied on two layers of 

atoms on each body (see Fig. 2). The simulation box has 

horizontal size 200 600
x

l  
0

r  and vertical size 
y

l  

400 1000
0

r . Surfaces are atomistically flat except 

for the presence of asperities. Different cases have 

been analysed including a single asperity (Fig. 2(a)), 

interlocking asperities leading to one contact junction 

(Fig. 2(b)), and a pair of contact junctions separated by 

a distance   (Fig. 2(c)). Within the set of simulations 

conducted in Ref. [26], we varied the asperity size 

( 20 140d  
0

r ) and shape (semicircular, half sine, 

rectangular, triangular). The integration time step for 

the velocity Verlet algorithm is 0.0025  1

0
/r m .  

4 Critical length scale for ductile to 

brittle transition 

Our simple model potential allows us to examine the 

asperity-level origins of adhesive wear mechanisms. 

As detailed in the previous section, a large number of 

adhesive wear simulations with different geometrical 

configurations, boundary conditions, and bulk and 

surface properties were conducted. These simulations 

demonstrated two adhesive wear mechanisms: gradual 

 

Fig. 2 Schematic for the atomistic simulations. (a) Boundary conditions and single-asperity surface topography. In green and red are the 
layers of atoms where the thermostats and displacements are applied respectively. (b) Interlocking asperities surface topography, with 
one asperity on each surface. (c) Interlocking asperities surface topography, with two asperities spaced at a distance λ on each surface. 
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asperity smoothing by plastic deformation (see 

Fig. 3(a)) versus fracture-induced debris formation 

(Fig. 3(b)). Examining a range of simulation parameters, 

we found that the size of the asperity contact junction 

and the strength of the adhesive bond dictate the 

adhesive wear mechanism. Ultimately, hard/brittle 

materials with large asperities and strong adhesive 

bonding at the asperity contact junctions favour  

the debris formation mechanism over the asperity 

smoothing mechanism.  

Inspired by previous theoretical insights [42, 43] and 

this new understanding [26], we find that the transition 

between plastic smoothing and fracture-induced debris 

mechanisms can be predicted with a simple analytic 

model. The model considers that the transition from 

plastic deformation to debris formation occurs when 

the stored elastic energy is large enough to create 

new wear-debris particle surfaces. The maximum 

stored elastic energy depends on the junction shear 

strength and the junction size d, and the surface energy 

determines the energy cost of creating a debris 

particle. This yields the existence of a critical length 

scale d*. Asperity junctions larger than d* produce 

wear debris by fracture while smaller ones smooth 

out plastically. The analytic model gives  


 
 

2( )
j

w
d c

G
               (2) 

where G is the shear modulus and 
j

  is the shear 

strength of the junction. w  is the energy associated 

to newly created free surfaces (i.e., decohesion energy). 

c is a shape factor combining contributions of all 

geometrical factors (e.g., asperities shape and junction 

configuration). For the removal of an idealized 2D  

circular and 3D spherical debris, we obtain 
8

c


  and  

3c   respectively. This model can be also understood 

in terms of a crack growth model [44, 45], in which the 

detailed kinetics of crack growth and other dissipative 

mechanisms (e.g., plasticity) could be taken into 

account. Figure 3 illustrates this ductile to brittle 

transition at a critical junction size in the context of 

a 3D asperity [27]. In case of a junction size smaller 

than the critical size, Fig. 3(a), the strong adhesive 

forces yield a severe plastic deformation of the 

asperities. This process has been routinely observed 

in the literature with classical atomistic potentials 

(see for instance Ref. [30]). With repeated sliding of 

the simulation box size, one observes a continuous 

smoothing of the asperity. If the lateral dimension  

of the simulation box is smaller than d*, this process 

will lead eventually to a full contact between the 

two blocks. However, if the simulation box size and 

junction size are larger than the critical length scale, 

as in Fig. 3(b), a debris particle is formed.  

The proposed simple analytic model can explain 

and predict the operative mechanisms in AFM wear 

experiments, where the AFM tip has been reported  

to wear due to adhesive forces via both gradual 

smoothing [17–19, 20, 21, 24, 46, 47] and the creation 

of fracture induced debris [24, 25, 48].  

 

Fig. 3 Numerical simulations distinguish two wear mechanisms at the asperity level. (a) shows the plastic smoothing mechanism in the 
absence of wear debris particle for a small asperities junction. (b) presents the fracture-induced particle formation mechanism for a large 
asperity junction. See [26, 27] for detailed information about the simulations.  
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5 Quantitative prediction of debris size 

5.1 Birth of a debris particle 

A direct modeling of wear debris formation [27] 

enables quantifying the amount of detached material 

at the onset of debris formation and studying the 

origins of long-standing macroscopic wear observations: 

(i) the wear volume (i.e., total volume of wear debris) 

is independent of apparent area of contact [49, 50],  

(ii) within a certain range of applied load, the wear 

rate (i.e., wear volume per sliding distance) is linearly 

proportional to the macroscopic load acting normal to 

the interface, like in Archard’s wear law [49, 3], and 

(iii) the wear volume is proportional to the frictional 

work (i.e., the product of frictional force and sliding 

distance) [5, 51,52]. 

A recent systematic set of adhesive wear simulations 

[27] showed universal features of the process of debris 

formation despite the variety of parameters and 

configurations examined. Initially, a strong adhesive 

bond (junction) forms between contacting asperities. 

Subsequent sliding leads to the junction growth by 

localized inelastic deformation, until crack nucleation 

and growth ensues at the two corners of the junction 

loaded in tension. These simulations reveal three main 

observations about the process of single debris particle 

formation:  

 The diameter of the debris particle upon formation 

is the same as the maximum junction size, 

independent of the parameters and configurations of 

a particular simulation. This observation rationalizes 

the correlation between the real contact area and 

the volume of the debris particle, which is a central 

tenet of Archard’s wear model [3].  

 The debris volume does not correlate with the 

product of applied normal load and sliding distance 

(i.e., Archard’s wear relation). This observation is 

in fact not surprising for an isolated debris particle 

considering that two opposing asperities can collide, 

adhere, and form a debris particle even in the absence 

of an applied normal force. In this situation, the 

contact area of a single asperity junction is largely 

affected by the asperity’s geometry [53, 36], shear 

loading [38, 54] and adhesion [55]. Therefore, the 

normal applied force does not linearly depend  

on the junction size and, as a result, cannot predict 

debris volume. This finding suggests that the 

macroscopically observed linear relation between 

the wear volume and the normal force may be 

reconstructed via multiasperity contact models, 

where the contact is a load-controlled process [56].  

 Alternatively it is found [27] that the debris volume 

scales with the work of tangential force that is carried 

by the junction, with a proportionality constant  

of 1 over the junction shear strength. This can be 

explained by the fact that the tangential force 

transmitted across the asperity junction provides 

an indication of the maximum asperity junction 

area. Therefore, as the asperity junction size controls 

the debris size, the wear debris volume can be 

quantified via the work done by the tangential 

component of the load carried by the junction.  

These debris-level wear observations [27] together 

with the concept of the critical junction size [26] confirm 

that the debris formation is a deterministic process at 

the asperity level (i.e., wear coefficient of unity at the 

single debris level if the junction size is above the 

critical size). It will guide us in proposing a first-level 

estimation of the wear coefficient in Archard’s law. For 

this, one needs to statistically analyze the junction size 

probability in a multiasperity contact setting [29], as 

detailed later in Section 7.  

5.2 Life of a debris particle 

Once a debris particle has been formed, its following 

evolution affects both the wear volume and the 

changes in the surfaces roughness. At the end of an 

experimental wear test, the shapes of the debris particles 

can be investigated and are found to be related to 

the mechanism of wear involved [57]. The particles 

produced during a wear process where adhesion is 

relevant are characterized by an elliptic shape [5], and 

their elongation is small when compared with particles 

produced in wear processes of the abrasive type [57]. 

In our 2D simulations of adhesive wear, the debris 

particle that forms displays a circular shape most   

of the most of the time, with very little elongation. Of 

course, 3D simulations would be more relevant to 

investigate shape evolution.  

Preliminary simulations of 2D debris conducted 

over long time scales reveal that the formed debris 

particle volume increases with time, although slowly 
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and at a decreasing rate. Therefore the wear is 

characterized by first a high wear rate at the onset of 

debris formation and a transition to a slower wear 

rate, which is consistent with experimental observations 

[58]. Future work will present a continuum mechanics 

model to explain why the asymmetry in the loading 

favours crack propagation within the bulk at the 

trailing edge. For circular debris shapes we have 

observed that the basic mechanism for debris growth 

is detachment of matter from the substrate, and 

attachment to the debris. In addition, we have also 

observed that the debris size tends to saturate with 

time. More work is needed to understand in details 

the wear particle growth rate. In particular several 

mechanisms could break this growth pattern. The 

debris particle could develop a concave shape with 

time, leading to stress concentrations within the 

debris particle. Also the particle could break/fragment 

upon the action of compressive forces, a process that 

would be favoured by creating weak layers in the 

debris particle owing to ageing. We do not currently 

consider ageing in our simulations, which is an artefact 

differentiating our results from real wear experiments. 

Accounting for these mechanisms could eventually 

lead to the death of the debris particle. Another fate 

would be its evacuation from the contact interface.  

6 Interactions between microcontacts 

Until now, we considered the problem of wear on  

the level of a single debris particle. This is clearly an 

approximation, which may fail in several common 

cases: debris particles will come into contact with each 

other during the wear process, debris particles will 

interact with asperities, and microcontacts cannot 

necessarily be separated into individual asperities that 

behave independently.  

Here, we consider the latter case. At low normal load, 

we expect the contacts to be spaced out. Moreover, 

many contacts will have sizes d d  and will not 

form debris particles; a model of the macroscopical 

consequences of this observation will be discussed 

in the next section. For the moment, we look at the 

case of high normal load, where more contacts have 

sizes d d  and the average distance between the 

contact spots shrinks. It is known from literature that 

the contact solutions for closely-spaced contact junctions 

are different from individual junctions [59, 60]. As 

detailed in Section 4, the detachment of a debris 

particle is the result of a subsurface crack, which will 

be influenced by the modified stress field. By extending 

the simulation setup from Section 4 from a single 

junction to two junctions, we were able to investigate 

this in more detail in a recent work [28]. By bringing 

the contacting asperities close together, the detachment 

mechanism switches: single asperity mechanisms 

(either plastic smoothing or debris formation, Figs. 

4(a)–4(b)) are replaced by collective deep subsurface 

cracks that lead to the detachment of a single, large 

debris particle (Fig. 4(c)). By systematically varying 

the junction size d and the spacing   between the 

junctions, we found that—in this specific case—the 

transition from individual debris formation to a 

combined mechanism occurs for d  . Furthermore, 

the volume of the resulting debris particle is no longer 

related to the size of the individual junctions.  

This latter observation has implications for the 

“bottom-up” prediction of wear coefficients. When 

the debris particle size scales with the junction size 

[27], we should recover a proportionality between the 

normal load and the wear rate as for example in 

Archard’s wear law [5, 3, 49, 50]: the actual contact 

area, i.e., the sum of the junction sizes, is a function 

of normal load [61] and thus the resulting debris 

volume is, too. In the case of interacting junctions, on 

the other hand, the wear rate is no longer related to 

the actual contact area, but to some effective contact 

area that is somewhere between the actual contact 

area and the apparent macroscopic contact area. This 

mirrors the transition from mild to severe wear, for 

which a sudden increase of the wear coefficient at  

a critical load has been observed [62–71]. While the 

current investigations only treat a simplified model 

case, they give a first possible explanation for this 

transition. Further modeling and experiments are 

needed to quantify the phenomenon.  

It remains to be explained why the junctions interact 

at all instead of being worn off individually. For this, 

we first look at the initial stages of the wear process 

for far-spaced junctions in Fig. 5(a). We can see that 

the asperities come into contact and tensile stress con-

centrations build up. With increasing sliding distance, 
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these stress concentrations lead to the successive 

formation of cracks that cause the detachment of two 

debris particles. It is immediately visible that their 

volume is close to the volume of the asperities. If the 

asperities are closer, Fig. 5(b), the initial steps are very 

similar. Stress concentrations build up in the same 

way and it even seems that cracks occur at the same 

places. Further sliding, though, changes the picture. 

The “outer crack” at the leading junction (see label in 

the figure) grows and starts to unload the “inner 

crack” at the trailing junction, which then closes. This 

mechanism is dictated by the geometry of the problem: 

due to the imposed sliding direction, a sufficiently 

propagated outer crack can “envelope” the trailing 

asperity and completely unload it, as shown in Fig. 5(a), 

but not vice versa. In the textbook case [72], parallel 

crack shielding becomes effective roughly when the 

distance between the two cracks is less than twice 

their length. Assuming that the depth of a crack at 

non-interacting junctions is roughly the asperity size 

d [27], the distance   must be approximately equal 

to or smaller than d to reach this distance between the 

 

Fig. 4 (a) Asperity smoothing without debris formation, where the asperity junctions are smaller than the critical junction size. This 
is ensured by reducing the interfacial adhesion, which establishes a weak interfacial junction between interacting asperities and
consequently a very large critical junction size [26]. (b) Debris formation at the asperity level in the presence of a high interfacial 
adhesion, where strong junctions are established. In this case, debris particles of the same size as the asperity junctions are formed
individually. (c) Once asperity pairs get close to each other, they interact through their underneath inelastic stress fields, which results in 
the formation of a large debris particle. In this condition, no correlation between the debris size and junction size is observed. For a
better visualization of detached volume, debris atoms are highlighted in the initial configuration in the insets of Figs. 4(b) and 4(c). 

 

Fig. 5 Mechanisms of debris formation. Sliding simulations are shown, the sliding direction is indicated by the black arrows. The color
coding shows the stress component 45 ,   which acts perpendicular to the crack tips and is responsible for the crack nucleation and 
propagation. 
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inner and outer crack. This can justify the observations 

above. Additionally, the modified subsurface stress 

field seems to always lead to a deeper propagation of 

the cracks.  

While the model is very simple and a quantitative 

picture clearly needs to take more realistic 3D 

geometries into account, it already gives us insight 

into the complexity of asperity interactions. In fact, 

given the varied contact geometries that occur when 

rough surfaces touch, it raises the question of how  

to exactly define an asperity. Do we need to account 

for every “internal valley” or should we prefer a more 

coarse-grained view?  

7 A mesoscale model for wear 

Finally, we present two mesoscale wear models that 

up-scale the relations derived at the asperity level 

from atomistic insights to a multi-asperity setting [29]. 

These models allow the estimation of the total wear 

rate as a function of the interface physical properties, 

the surfaces’ geometrical properties and the normal 

load applied on the system.  

7.1 Archard’s wear model 

In his seminal work [3], Archard puts forth a model 

for macroscopic wear that is composed of two 

fundamental parts: a single-asperity wear model and 

a multi-asperity contact model. At the single-asperity 

level, Archard makes the following considerations:  

 given two hemi-spherical asperities in contact in a 

zone of radius a (which is half the contact junction 

size d), the resulting wear particle has a volume 

proportional to a3,  

 the sliding distance necessary to produce the 

particle is 2a,  

 each asperity encounter has a probability K of 

forming a wear particle.  

Archard uses these hypotheses in conjunction with 

his multi-asperity contact model to derive, in the case 

of a rigid-plastic material, the well known Archard- 

Holm equation:  

( )
W

R W K
H

                (3) 

where R is the wear rate, W is the applied normal load 

and H is the flow stress of the material. This equation 

has been widely used, but unfortunately Archard does 

not provide a way to quantify K, so applications of this 

equation exclusively rely on parameter fitting with 

experimental data. Archard and Hirst [62] make the 

claim that “one of the most important problems in an 

understanding of wear is to explain the magnitude of the 

probability of the production of a wear particle at an asperity 

encounter”.  

However, the last of Archard’s hypotheses introduces 

K to account for the fact that not all asperity encounters 

form wear particles. It is clear from Ref. [26] that  

the particle formation process follows a Griffith-like 

criterion and is a deterministic event at the asperity 

level, so K cannot be introduced at the asperity level. 

We now present a definition of K at the mesoscale.  

Consider a rough surface contact situation (Fig. 6) 

where the true contact area is composed of a multitude 

of smaller contacts, here called contact clusters. 

Since the surface height distribution is random, the 

distribution of the area of the contact clusters is also 

random. We denote A the random variable representing 

the area of a single contact cluster. This variable follows 

the probability density function p(A,W), which depends 

on the load.  

We suppose that the wear particle formation process 

is governed by a critical contact area A  derived from 

the previously discussed critical length scale d . A wear 

particle is therefore formed if and only if A A . Since 

K is the probability that an asperity encounter forms 

a debris particle, we obtain the natural definition [29]  



    ( ) ( )
A

K P A A W p A W dA        (4) 

Experimental evidence [62] and our previous 

simulation results show that the wear rate is pro-

portional to the real contact area in the mild wear 

regime, with a proportionality constant called the “wear 

coefficient”. In Archard’s model, the wear coefficient is 

K, the probability of wear particle formation. However, 

this interpretation of the wear coefficient is not 

physically justified by Archard.  

An alternative interpretation of the wear coefficient 

not relying on Archard’s interpretation is possible 

[29]. Consider a system of finite size, so that there are 

( )N W  contact clusters for a given load. We define the 

un-normalized cluster size distribution as ( )n A W   
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( ) ( )N W p A W   and the asperity level wear rate 

1
( )R A A , with   a shape factor equal to 1/3 in 

the case of hemi-spherical asperities (the wear rate is 

the ratio of volume of wear debris over sliding distance, 

which in the simple case of hemi-spherical asperities 

gives a 1/3 factor.). These are used in the computation 

of the total wear rate  

 







 

 

  





1
( ) ( ) ( )

( ) ( )

A

cA

R W R A n A W dA

An A W dA A W
      (5) 

where 
c

A  is the cumulative area of contact clusters 

forming wear particles. If we now introduce ( )W  

( )

( )
c

c

A W

A W



, we can write the total wear rate as ( )R W   

( ) ( )
c

W A W .   is then the wear coefficient, and 

naturally arises from the up-scaling process of single 

asperity wear rate, which was discussed in the previous 

sections, to a multi-asperity setting. The central difference 

with Archard’s purely probabilistic interpretation is 

that this second interpretation of the wear coefficient 

emerges from the sum of volumes of debris particles, 

which depend on local contact junction areas.  

The results of Fig. 6 summarize several BEM 

calculations in which we have normally loaded elastic 

self-affine rough surfaces, with 
s
  being the shortest 

wave length in the surface spectrum. Figure 6 shows 

that the wear coefficient K according to Archard’s 

interpretation reproduces the experimentally [49, 62] 

observed behavior of mild wear. Specifically, K reaches 

a plateau implying that there exists a range of loads 

for which the wear coefficient is independent of load. 

The wear coefficient introduced in Ref. [29] does not 

reproduce this behavior, but this is likely due to the 

constitutive model of the solids in contact, as they are 

here considered linear elastic, whereas in reality plastic 

deformations are expected. Another important 

limitation of this direct interpretation of the wear 

coefficient is that it does not take into account inelastic 

interactions between asperities (e.g., crack shielding, 

third-body contact, plasticity). These were highlighted 

in a simple 2D context in Section 6. Interactions between 

contact clusters are certainly even richer in a 3D setting, 

in which non-convex nearby contact patches may 

interact through elastic forces and crack shielding   

 

Fig. 6 (a) Multi-asperity contact setting with a fractal rough 
surface [29]. Yellow clusters are smaller than A* and deform 
plastically upon sliding. Red clusters are larger than A*. (b) shows 
K, the probability of wear particle formation according to Archard’s 
interpretation. We see that for large values of A*, K is initially zero, 
then increases with the load up to a plateau. This is a behavior 
observed in experiments [49, 62]. (c) shows the wear coefficient 
according to our model that does not rely on Archard’s assumption. 
In this figure, the wear coefficient also transitions from zero, but 
increases up to one. This is likely due to the contact model that 
only considers a purely elastic material. 

mechanisms. The question of how to merge these 

contact patches in an effective contact area A, and in 

essence of what is an asperity, is far from trivial and 

is completely neglected in this first attempt. Despite 

the current limitations of our model, we highlight that 

mesoscale continuum models provide a remarkably 

efficient approach to obtain physics-based estimate  

of wear coefficients. Future models should aim at 

accounting for plastic deformations, interactions 

between microcontacts, surface roughness evolution, 

transport of particles and eventual reattachment or 

evacuation from the contact interface. 

8 Conclusion 

We have synthesized our recent theoretical advances 

towards physics-based modeling of adhesive wear. 

These advances were made possible by the use of a 

model atomic potential. Atomic simulations revealed 

a ductile to brittle transition for large enough contact 

junction sizes. Small junctions deform plastically, 

whereas large junctions break to form debris which 

is transported along the sliding contact interface. The 

critical length scale at which this transition occurs is a 

function of the material properties. The junction size 

also determines the debris particle size at its birth. After  
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birth, under our idealized condition of full adhesion, 

the debris particle will continue to grow but at a 

decreasing rate. We have also shown that interactions 

between nearby contact junctions are due to crack 

shielding mechanisms. These interactions become 

increasingly important at large loads and may explain 

the change from the mild to the severe wear regime. 

Finally, we have incorporated some of these findings 

into a continuum model in order to obtain a deter-

ministic estimation of the wear coefficient used in 

Archard’s wear law.  

Clearly, some of the research efforts that were 

described are still in their infancy. Tribological 

mechanisms being extremely complex, we make no 

claims at pretending to present a complete picture of 

adhesive wear, and in fact we are still a long way 

from reaching this stage. Perhaps the most pressing 

efforts should be toward including more materials 

science in our model. More realistic atomistic potentials 

should be used. Ageing and alteration of adhesive 

properties should be accounted for as these are likely 

to change the long term growth of debris particles. 

Because these more accurate potentials will come at a 

larger computational cost than our model potential, the 

simulations should be conducted on high-performance 

computing platforms. The influence of sliding velocity 

and temperature should also be investigated, as well 

as interactions between contact junctions in a 3D 

setting. Finally, a lot of room exists for improving the 

continuum models that we have presented here. 

Nonetheless, despite all the current limitations, we 

emphasize the importance of anchoring tribology 

research to the fundamentals to make long term 

progress. Tribology is at a turning point. Current 

simulation and experimental capabilities give us 

unprecedented means to revisit empirical wear models 

with a fresh scientifically-grounded look.  
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