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-  Multi-asperity contact 
-  Plastic or fracture deformations (governed 

by hardness) 
-  Real contact area is proportional to the 

normal load 

Assumptions 

ΔV = k L × s
Hsoft

ΔV is the volume loss due to wear 
L is the normal load 
s is the sliding distance at constant sliding speed 
Hsoft is the hardness of the softer material 
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ΔV	  

t (duration of wear ) 

s l o p e i s  t h e 
volumetric wear 
rate 

Steady-state Running-in 

Barwell’s law: 

ΔVrunning−in = w0τ w 1− exp − t
τ w
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Classical view of 
Archard’s law: 

ΔVsteady−state = k
L × t
Hsoft

F.	  T.	  Barwell,	  Wear	  1,	  317	  (1958).	  

In the Archard’s law, the wear rate,                        is 

independent of the sliding speed, if the sliding distance, s, is 
kept constant.   

ΔVsteady−state
s

ΔV is the wear 
volume	  
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In many previous AFM tip-wear studies, wear was char-
acterized using electron microscopy [8–11] or a sharp tip
was used to image the blunted tip [12–14] at the end of the
wear experiment, providing a single value of wear volume
and a measure of the average wear rate, or a few values of
wear volume measured by interrupting the experiment.
Ideally, in order to gain more insight into the wear process,
we would like to monitor tip abrasion in a quasicontinuous
manner during the experiment. To achieve this, we use the
tip-sample adhesion as a measure of the tip-sample contact
geometry. The adhesion depends on the tip and sample
materials (which are constant in this study) and the geome-
try of the tip. Because of the dry conditions applied,
meniscus forces do not play a role. Before and after each
experiment, the geometry of the tip apex was characterized
using scanning electron microscopy (SEM). Initially, the
tips were extremely sharp and well modeled by a cone with
a spherical cap having a radius of 3–5 nm. After a few
meters of sliding, the spherical cap is worn away and the tip
can be modeled as a truncated cone. For this flat punch
geometry, the decohesion (pulloff) force Fadh is propor-
tional [15] to the radius of the flat end a:Fadh ¼ kadha. This
assumption can be verified by comparing the value of kadh
calculated from the adhesion force and the radius of the
flattened tip measured at the end of an experiment. For the
11 tips analyzed in this study with final tip radii between 10
and 50 nm, we obtained kadh ¼ 4:6" 0:9 N=m. The scat-
ter is within the experimental uncertainty in the adhesion
force measurement.

Figure 1 shows an example of a typical wear test per-
formed with an applied load of 5 nN in a dry environment
(artificial air [16]) and a sliding distance of 750 m. After
the wear test, a wear volume of 1:5# 104 nm3 was deter-
mined from preexperiment [Fig. 1(a)] and postexperiment
[Fig. 1(b)] SEM images. Figure 1(c) shows the adhesion
data acquired during the experiment that has been con-

verted into radius versus sliding distance using Fadh ¼
kadha in combination with the radius and adhesion force
measured at the end of the experiment. In this experiment,
initially the adhesion increases rapidly, roughly doubling
within the first few meters of sliding, followed by a con-
tinuous decrease of the rate of change in adhesion. To gain
more insight into the wear process, we systematically
studied the influence of sliding distance and pressure by
performing experiments with applied loads ranging from 5
to 100 nN. Representative examples of the tip radius versus
sliding distance data are shown in Fig. 2.
We first fit Archard’s wear model to the data, i.e., wear

volume V proportional to load force FN and sliding dis-
tance d, V ¼ kFNd, where k is a constant. Applying this
model to our conical tip geometry and solving for the
radius a of the flattened end results in

a / dmFn
N; (1)

with m ¼ n ¼ 1=3. The dash-dotted line in Fig. 1 is a
least-squares fit of this relation to the data illustrating
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FIG. 1 (color online). Wear data for a tip sliding on a polymer
surface with a load force of 5 nN: (a) SEM image of the tip
before and (b) after testing. A contour of the fresh tip is overlaid
to visualize the volume loss (1:5# 104 nm3). (c) Plot of adhe-
sion force and contact radius versus sliding distance. The data
are fitted using Eq. (1) with m ¼ 1=3 (corresponding to
Archard’s wear law) and a fit with free m yielding m ¼ 0:18.
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FIG. 2 (color online). Wear data and fits for representative
experimental runs between 5 and 100 nN load force.
Individual fits (dashed lines) and fits with the same parameters
(solid lines), using Eeff ¼ 0:983 eV and !VaN ¼ 5:5#
10$29 m3 are plotted.
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Atomistic wear in a single asperity 
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“Wear occurs through an atom by atom removal process 
which implies the breaking of individual bonds” 

Wear of a Silicon AFM probe on a polymer surface 
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Adhesive wear commonly occurs at the sliding contact
between materials with comparable hardness in the
presence of a strong adhesive force1,2. During sliding,

welding actions occur between a limited number of surface
asperities which undergo large plastic deformation. In 1946,
Holm3 proposed one of the first models to picture the adhesive
wear mechanism and material removal at the asperity level. The
model assumed that those plastically deformed surface asperities
are worn away gradually by the removal of atoms as the two
surfaces slide. Thanks to technological progress, this mechanism
has since been observed in atomic force microscopy (AFM)
experiments4–9 and predicted by atomistic simulations10–12.
Despite these confirming results, the role of the atom removal
mechanism in typical adhesive wear is not widely agreed upon13.
Alternatively, Archard proposed that adhesive wear occurs by
fracture and the creation of debris particles14, an idea that is
extensively confirmed by experimental observations at different
scales15–18. In support of Archard’s model, the friction and wear
response of many tribological systems reaches a steady state, a
feature that can be easily understood with Archard’s wear
mechanism, but not with Holm’s gradual smoothing mechanism
that implies the flattening of surfaces and eventually cold welding.
Ultimately, Archard and Holm’s wear models are empirical and
the controlling wear mechanisms are not clear.

One reason that a widely agreed upon understanding of
the adhesive wear mechanism has not been reached, is that
direct modelling of the adhesive wear process presents a
substantial challenge. Continuum models are limited in that they
cannot explicitly simulate the wear process due to the complexity
of the severe deformation, fracture and contact associated with
wear debris19. Alternatively, atomistic modelling can handle
these features, but is often disconnected from reality due to a
disparity of scale and the challenge of accurately representing the
interatomic interactions of real material systems. Previous
atomistic modelling studies of the adhesive wear predict a
continual smoothing of surfaces rather than a steady-state wear
regime with debris particles10–12,20–23; inconsistent with common
experimental observations. This discrepancy is schematically
depicted in Fig. 1.

Here we present atomistic simulations that capture, to our
knowledge, for the first time the fracture-induced debris

formation during the adhesive collision between surface
asperities. This is achieved by developing simple two-dimensional
(2D) model potentials with tuneable inelastic properties which
can then be linked to the macroscopic behaviour of real materials,
where details of the potentials no longer appear. A systematic
set of atomistic simulations with these potentials reveals a
characteristic length scale that controls the adhesive wear
mechanisms at the asperity level. This length scale provides a
critical adhesive junction size, where bigger junctions produce
wear debris by fracture while smaller ones smooth out plastically.
On the basis of this observation, we formulate a simple analytical
model that predicts the transition in the asperity-level adhesive
wear mechanisms in both the simulation results and experiments.

Results
Development of model potentials. We first consider that the
continual smoothing trend predicted by previous atomistic
models is realistic, as the simulations involve pure materials in
vacuum with at most nanometre surface roughness. Then, we
hypothesize that changing the material properties in an atomistic
simulation could lead to wear debris formation and ultimately a
steady-state sliding regime, that is, sustained debris formation.
Specifically, we hypothesize that increasing hardness should
favour the formation of sustained debris particles in a tribological
system, with all other properties remaining constant. This idea is
consistent with the pervasive theme in the tribology literature that
the ratio of surface energy over hardness plays an important role
in determining tribological response24–29. Motivated by this
argument, we design a family of model interatomic potentials to
modify this ratio, while keeping other properties such as lattice
and elastic constants unchanged.

Within the domain of an atomistic simulation, hardness is
controlled by dislocation nucleation, which is governed by the
unstable stacking fault energy, gusf (ref. 30). The unstable stacking
fault energy is determined by the energy of highly stretched bonds
in relation to the tail of the interatomic potential. Focusing on a
simple atomistic model with only nearest-neighbour pairwise
interactions, the tail of the interatomic potential can be modified
without influencing the surface energy (gsurf), elastic parameters
and lattice constant. Here we modified the long-range character
of the Morse potential31 without disturbing the short-range
interactions (elastic properties), as described in ‘Methods section’.
Figure 2 shows the model potentials (named P1–P6) and the
corresponding indentation responses, that confirms the differing
hardness and constant elastic modulus (see Supplementary Figs 1
and 2). A detailed quantitative analysis of the model potentials
are provided in Supplementary Table 1. A second set of potentials
is developed to mimic the interfacial adhesion between the
two sliding surfaces. These potentials are denoted as P6-1 through
P6-6 and differ by a simple scaling of the bond energy
(see Supplementary Fig. 3 and Supplementary Table 2). When
not explicitly stated, the same potential used within the bulk
(P1–P6) is used between surfaces, giving the junction between the
two surfaces the same strength as the bulk.

Asperity-level simulations of adhesive wear. We perform a large
number of atomistic simulations with different geometrical
configurations (that is, interlocking asperities and single-asperity
sliding on a flat surface), boundary conditions, and bulk and
surface properties (see Supplementary Fig. 4). Further details of
the simulations are provided in the ‘Methods section’. It is
important to emphasize that the simulation setup utilized here
simplifies many of the complexities of real tribological systems,
with the goal of providing scientific insight into the asperity-level
wear mechanism. This work is focused on the adhesive wear

a

b

?

c

Figure 1 | Schematic representation of two possible asperity-level
adhesive wear mechanisms. After an adhesive interaction between surface
asperities (a), the wear process occurs via either (b) a gradual smoothing
mechanism by plastic deformation3 or (c) a fracture-induced debris
formation mechanism69. Both mechanisms have been recently observed in
AFM wear experiments6,17,18,38. The colouring of atoms is artificial and for
better visualization of the wear mechanisms.
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The model considers the change in energy associated with
the formation of a debris particle relative to an asperity
junction loaded to its elastic limit in shear. Considering a
three-dimensional (3D) general case, the elastic energy released
by the creation of a debris particle can be written as

Eel ¼ a "
s2

j

2G
" pd3

6
ð1Þ

where G is the shear modulus and sj is the shear strength of
the junction, a value assumed to be the lesser of the bulk material
shear strength and the adhesive junction shear strength. A
spherical particle of the same diameter, d, as the junction size is
considered, where the factor a accounts for the particle shape and
stress distribution. The stress distribution near the junction is
assumed to be relatively uniform due to the large amounts of
plastic deformation. A detailed analysis of our atomistic
simulations confirms the scalability of the released elastic energy
with junction size (see Supplementary Fig. 6), which is consistent
with the literature46–48.

The adhesive energy to debond the two asperities from the
sliding surfaces and create new free surfaces in both solids can be
written as

Ead ¼ b " ðw11þw22Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Dw

" pd2

4
ð2Þ

where w11 and w22 are the energy associates to newly created free
surfaces because of a unit area of crack growth in each sliding
body. The factor b is the ratio of the debonded area underneath
each asperity to the junction area (see the inset of Fig. 4).
Here, we assumed that both surfaces equally contribute to the
formation of debris, while in case of sliding between non-identical
materials, a bigger contribution from the softer material is
expected.

The existence of sustained debris particles is then predicted
when Eel4¼ Ead. This subsequently entails the existence of a

critical length scale that governs the adhesive wear mechanism

d& ¼ l " Dw
ðs2

j =GÞ
ð3Þ

whereby debris particles will form when d4d&, with l being a
shape factor combining contributions of all geometrical factors.
Assuming a¼b¼ 1, we obtain l¼ 8/p and l¼ 3, corresponding
to the removal of an idealized 2D circular and 3D spherical debris
respectively. While the presented model is constructed based on
the minimization of net configuration energy, a similar criterion
may be considered based on a crack initiation model30,49, in
which a detailed kinetics of crack growth and other dissipative
mechanisms (for example, plasticity) could be taken into account.

Transition in adhesive wear mechanisms. Predictions of the
proposed model are plotted in the form of a wear mechanism
map in Fig. 4. Superimposed on the map, are the results from a
large set of atomistic simulations examining different initial
asperity sizes, shapes (that is, semicircular and partial circular
segment, triangular, rectangular and half sine, Supplementary
Fig. 7) and configurations (that is, single versus interlocking
asperities, Supplementary Fig. 8), system dimensions, applied
loads, sliding velocities, boundary conditions and various body
and interfacial potentials (see Supplementary Fig. 9). The figure
shows that the atomistic simulation results are remarkably well
explained by the proposed model specialized to 2D with l¼ 1.5,
predicting the transition in mechanisms as a function of junction
strength, work of adhesion and junction size. For example, both
the simulation results and the model predict the continual
smoothing mechanism when the adhesion between contacting
materials goes to zero.

In the simulations, the junction size is measured when the
tangential force first peaks. The elastic modulus and junction
strength are obtained by a separate set of molecular dynamics
simulations (see Supplementary Table 1). The adhesion energy
per unit are of crack is estimated from the surface-free energy
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Figure 3 | Simulated colliding asperities reveal two distinct wear mechanisms. (a) Snapshots of simulation with the most ductile potential (P1) revealing
the continual asperity smoothing mechanism that eventually leads to cold welding are shown. (b) Depiction of the corresponding evolution of frictional
force and spacing between sliding surfaces confirming an increase in contact area. (c) Snapshots of simulation with the most brittle potential (P6) revealing
the debris formation wear mechanism are shown. The corresponding evolution of frictional force and spacing between sliding surfaces are shown in d,
demonstrating a steady-state regime with respect to the particle size, surface roughness and frictional force. Both tangential force and sliding distance are
given in reduced Lennard-Jones units. The colouring of atoms is artificial and for better visualization of the wear process.
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•  Limitations: 
-  N o n c o n s t a n t  a n d 

continuous sliding speed 

-  L o w s l i d i n g s p e e d 
(typically max.100 µm/s) 

-  Scan drift leads to non 
well defined wear track 

•  Main advantage:  - Single asperity contact 
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Conven&onal)Mode) CM,AFM)

Solicita(on*velocity* Low*scanning*or*sliding*velocity**
(typically,*ranging*from*1*µm/s*to*100*µm/s)*

High*sliding*velocity**
(>*6*mm/s)*

Advantages*/*
Drawbacks)

High)scanner)dri1;)Low)wear;)
high)shear)force)when)the)scan)changes)its)

direc7on)

Limi(ng*scanner*driC;*
high*wear*in*a*limi(ng*
(me;*wellEdefined*
wear*track;*isotropic*
wear*of*the*probe*if*
any;*anisotropic*wear*
revealed*if*any;*local*

probing***

H.Nasrallah,	  P-‐E	  Mazeran,	  O.Noel.	  Rev.	  Sci.	  Instrum.	  
2011,	  82,	  113703.	  	  
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Comparative analysis of Macro and 
Nano wear of copper based composite 
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!

SEM and EDX images 

Designation Average 
size 

particules 

Sample 
roughness 

Rq 

Micro 
Hardness 

V50 

Nano-
composite 

Less than 
100 nm 

4.02 nm 
AFM image 
5µm X 5 µm 

224 

Processing Method: Powder Metallurgy 
followed by internal oxidation 

SEM image of wear 
track after the 

macro tests  
(1 N; 8 mm/s) 

Mostly adhesive  and 
light abrasive wear  

At the macro-scale, 
wear of the nano-
composite follows 
Archard wear laws 

FricLon	  coefficient	  with	  steel	  is	  0.13	  in	  the	  steady-‐state	  and	  is	  
independent	  of	  the	  sliding	  speed	  

Amount of nanoparticles 
4.7 wt% and 10% in 

volume 
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Black&spots&

White&spot&
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Wear Volume vs. Sliding Distance  
(or wear duration) 
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t = 1 min. 

t = 32 min. t = 16 min. t = 8 min. 

t = 4 min. t = 2 min. 

Sliding speed of 0.88 mm/s; Normal load = 3µN; Diamond Probe   
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Si3N4 Probe radius: 100 nm DLC Probe radius: 200 nm 

-  SEM images do not evidence wear of the probes 
(counter body). 

-  In both cases, we have an asymptotic steady-state 

 

like behavior 
like behavior 

like behavior like behavior 
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Si3N4 probe radius: 100 nm DLC probe radius: 200 nm 

-  Archard-like wear law is obtained.  

-  Wear depends on the nature of the counter-body. 

-  For Si3N4 there is a critical threshold load (about 60 nN) from which wear loss is 
significant. 

-  If we consider a single asperity contact, this latter behavior is governed by the 
lateral force which is proportional to the normal load. 

Experiments	  performed	  in	  the	  running-‐in-‐like	  regime	  if	  we	  refer	  to	  a	  macroscopic	  view	  of	  wear	  	  

Eder	  et	  al.,	  PRL,	  115,	  025502	  (2015)	  

slope = 4 (106 nm3.nN)   
slope = 0.04 (106 nm3.nN)  
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•  For a probe radius, R = 100 nm, and a normal load, L = 60 nN 
(threshold value for SiN probe), the contact radius (Hertz model), a, 
is: 

a = 4 nm  

  and the contact pressure is 1.20 GPa < H of sample 2.45 GPa     
(Hardness of copper oxide is 4-5 GPa). 

•  According to the Hertz theory, the shear stress is maximum at a depth 
of 0.78 a = 3 nm. This depth corresponds to the thickness of oxide 
copper growths in ambient conditions. 

•  Therefore, 60 nN corresponds exactly to the normal load that 
generates a maximum shear stress at a depth of 3 nm. 

•  The threshold value may correspond to the minimum load to apply to 
shear the interface of the oxide/metal interface. 

 

 

 

; 200nm 

F= 60 nN 

a=4 nm 5 nm 

Pmax 1.21 Gpa H 2,45 GPa 

Estimation of the threshold normal 
load 

Trends in 
Nanotribology 2017 
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Wear Volume vs. sliding speed Trends in 
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•  The methodology based on the CM-AFM gives well-defined wear 
tracks as the drift of the scanner is limited and the wear loss is 
significant. 

•  Well defined wear tracks allows measuring quantitative values. 

•  Nano-wear heterogeneity is revealed. 

Nano-wear of nano-composite, 

•  Archard-like wear laws are revealed at the nanoscale but it does not 
mean we have the same mechanisms involved as for the macroscale 

•  Wear process may be not governed by the hardness but by the lateral 
force (or shear stress) and by the physico-chemical interactions in the 
contact (depending on the nature of the counter-body) 

•  Can we still think in the same way as for the macroscopic view 
(running-in, steady-state…) ? 
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