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Interfacial plasticity controls material removal rate during adhesive sliding contact
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Adhesive wear is a result of material exchange due to localized adhesive bonding between surface asperities
at small scales. It has been recently debated whether a linear wear relation can be observed at the single-asperity
level. Using large-scale atomistic simulations, we show that the wear relation is a direct result of the material
removal mechanism at the asperity level. In the presence of weak adhesion, sliding is dominated by frictional
slipping (i.e., dislocations glide in the contact plane), where occasional atomic cluster detachments and a
sublinear wear relation are expected. Alternatively, a linear relation between the volume of detached material and
the frictional work can be obtained when bulk plasticity dominants material removal at the asperity tip. Under
this condition, high-shear stresses at the contact trigger the migration of misfit dislocations into the asperity bulk,
causing severe plastic deformation via dislocation-mediated interface migration. This result highlights that the
state of stresses at contact governs the process of material removal and wear relation at the asperity level.
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I. INTRODUCTION

Over the past few years, several efforts have been made
to understand mechanisms of material detachment and wear
at different length scales [1–4]. The fact that the material
surface is rough and made of numerous irregular “asperities”
[5–9] makes it difficult to establish a unified theory to describe
wear across scales. To study wear at the macroscale, one
may envisage wear at the multiasperity level as a collective
result of isolated wear events occurring at single asperity [10].
Upon the assumption that the friction and wear may originate
from the cold welding and plastic deformation of contacting
asperities [11], the wear behavior can be empirically described
with the well-known Archard’s law [12,13]: Vwear = kNS/H ,
where Vwear is the wear volume, k is the wear coefficient, N is
the applied normal load, S is the sliding distance, and H is the
material hardness. Archard argued that this linearity can be
recovered at the asperity level by assuming that contacting as-
perities deform plastically and material detachment occurs by
the removal of lumps, and this is independent of the assumed
contact model. Assuming that an asperity contact of size a
leads to material removal of volume a3 over a sliding distance
of a, one can recover a linear relation between the wear
rate (i.e., wear volume per sliding distance) and the asperity
contact area, which is also proportional to N/H , considering
plastic deformation at the asperity contact.

The development of atomic force microscopy (AFM)
[4,14–16] made it possible to access in situ information about
material transfer at the nanoscale. While some AFM-based
wear experiments [17] and molecular dynamics (MD) wear
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simulations [18] showed that the wear volume correlates lin-
early with the applied normal load and sliding distance, recent
AFM-based studies [2–4] reported nonlinear wear behavior
at the nanoscale which cannot be described by the Archard’s
model. Furthermore, some studies reported the fracture failure
of AFM tips during sliding contact [19,20] instead of gradual
plastic deformation. These observations further question the
origins of wear relations at the asperity level [21]. A similar
discussion has been recently made about the emergence of
self-affine surface roughness as a result of subsurface plas-
ticity [22] and fracture [8] processes.

Our previous studies [21,23–25] shed a first light to this
puzzle by showing a critical length scale that controls the
transition from plasticity to fracture in adhesive wear mech-
anisms at the asperity level. Furthermore, it is found that
this critical length controls the tangential (frictional) force
(FT ) and sliding distance (S) such that their product, i.e.,
the tangential work (∫ FT dS), is always proportional to the
debris volume [26]. This linear relation was first hypothesized
by Reye [27] (also referred to as Fleischer’s model in the
German literature [28]) and intermittently studied experimen-
tally [27,29–31]. In present study we refer to this correlation
as Reye’s relation, to be distinguished from Archard’s re-
lation. To rationalize a linear wear relation at the asperity
level, Archard argued that the wear rate (i.e., wear volume
per sliding distance) linearly correlates with the contact area,
assuming that the material detachment is dominated by plastic
deformation [12,13]. Considering the classical Bowden and
Tabor hypothesis [11] (i.e., contact area in the case of plastic
deformation is proportional to the applied normal load), one
can recover a linear correlation between the wear volume
and the contact area. Recent studies, however, reported the
breakdown of the linear relation between the contact area and
the normal load at the nanoscale asperity level [32,33]. This
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FIG. 1. Snapshots of three MD simulations under different interfacial adhesions. From top to bottom, this figure shows three wear behaviors
for different degrees of interfacial adhesion, i.e., (a) frictional sliding (no wear) at εadh/ε0 = 0.2, (b) atomic cluster detachment at εadh/ε0 = 0.3,
and (c) continuous material detachment via plastic smoothing at εadh/ε0 = 0.4. A normal force (N) is applied on the top layer along the y
direction, and a constant velocity (v) is applied on the red top layer along the x direction. Insets demonstrate a detailed atomic structure at the
contact between the asperity and the substrate for each simulation. Atoms in the insets are colored by the common neighbor analysis, where
the blue and white atoms are of bcc and amorphous structures. Simulations movie can be seen in the Supplemental Material, Movie 1 [34].

breakdown is often explained by the contribution of interfacial
adhesion and frictional sliding on the contact area, and conse-
quently, on the friction and wear phenomena at the asperity
level [26].

To develop a physics-based adhesive wear model, one
needs to understand when and how material transfers be-
tween solid surfaces during adhesive sliding contact. Here
we perform systematic large-scale MD simulations to study
the process of material transfer from an asperity tip during
sliding contact over a flat rigid substrate under various adhe-
sion and loading cases. Our results show that the interfacial
adhesion controls the mechanism and magnitude of material
exchange at the asperity level. Additionally, we show that
the Reye’s wear relation (i.e., a linear relation between the
wear volume and the tangential work) can be recovered at the
single-asperity level in a high range of interfacial adhesion,
where bulk plasticity dominates the material removal at the
asperity tip.

II. SIMULATION SETUP

We study the process of material transfer during adhesive
contact by simulating the sliding of a single probe made of Fe
over a rigid flat substrate. The AFM probe tip is modeled as a
cone shape asperity with the rounded end (see Fig. 1). Since
the tip radius Rt [∼6.2 nm, see Supplemental Material (SM),
Fig. S1 [34]] here is much smaller than the critical length scale
of bcc Fe [23], the fracture-induced material removal will be

absent in this study. We set different lattice orientations for the
asperity and substrate to make the contact incommensurate,
with the details shown in SM Table S1 [34].

All simulations were performed using the open-source
code LAMMPS [35]. A fixed vertical loading (N) is applied
per atom in the top layer of the asperity (i.e., the group
of magenta atoms shown in Fig. 1). A constant velocity
v = 1.0 Å/ps is applied on both the magenta and orange
atoms along the x direction. To mimic realistic conditions
in AFM wear experiments, there is no constraint applied
on the displacement in the y direction. This allows the tip
to rotate and avoids severe bending stresses at the interface
between the tip and the top fix boundary. The system
temperature is tuned to 300 K by applying a Langevin
thermostat (with the damping parameter equal to 0.05 fs) [36]
in a microcanonical (NVE) ensemble on an additional top
layer (see Fig. S2). The atomic interaction is described with
the embedded-atom method (EAM) potential tabulated by
Mendelev et al. [37], while the interfacial adhesion is tuned
with the reduced Lennard-Jones (LJ) potential depth εadh (see
SM Table S2 [34]). Specifically, the original well depth of
the bulk LJ potential is ε0 = 0.706 41 eV [38], and thus the
adhesion can be characterized by the parameter εadh/ε0. The
dislocation extraction algorithm (DXA) [39] is employed to
capture the activation of plasticity. Using the shear strain and
deformation gradient to calculate wear volume, as shown
in SM Fig. S2 [34], these quantities enable the in situ and
accurate measurement of wear volume. The normal and
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FIG. 2. Wear simulation results under different adhesions (εadh/ε0 = 0.2–1.0) and applied loads (papp/H = 2.21 × 10−8, 2.21 × 10−6, and
2.21 × 10−4, where H is the indentation hardness of bcc Fe [42]). Results are analyzed based on (a) the Archard-type and (b) the Reye-type
wear representations. Panel (a) shows that a unique linear wear relation cannot be recovered at the single-asperity level using the Archard-
type relation. Alternatively, the Rye-type representation (b) shows a linear correlation between the wear volume and the tangential work in
simulations with εadh/ε0 > 0.3. In this regime a linear wear relation can be obtained independent of the magnitude of the applied load.

tangential forces [40] are recorded for the postanalysis. The
atomic configuration is visualized using OVITO software [41].

III. RESULTS AND DISCUSSION

Wear relation at the asperity level. One of the major dis-
cussions in the community of tribology over the past decades
is whether Archard’s law is valid at the single-asperity level
[2–4,18]. As shown in Fig. 2(a), Archard’s linear correlation
between wear volume (Vwear) and the product of loading force
(N) and sliding distance (S) cannot be recovered using a fixed
wear coefficient. In the lower regime of adhesion (εadh/ε0 ⇐
0.2), no material detachment occurs within the simulation
time, independent of the applied load magnitude. The negli-
gible wear volume shown in Figs. 2(a) and 2(b) represents the
minute defected atoms at the asperity tip. This observation is
consistent with the ultralow wear regime observed in previous
AFM experiments [2,3], where the thermally assisted atomic
detachment occurs stochastically during sliding.

Inspired by our previous study [26,43], we examine the
correlation between the wear volume and the tangential
work, i.e., Reye’s wear relation in Fig. 2(b). It can be seen
that for simulations with adhesion parameter εadh/ε0 >= 0.4,
wear curves collapse into a single curve for each adhe-
sion parameter independent of the magnitude of the applied
load. However, the wear relation in the low-adhesion regime
(εadh/ε0 < 0.4) cannot be described with Reye’s relation. This
can be attributed to the fact that in the presence of a weak
adhesion, the tangential work is dominantly dissipated via
frictional sliding rather than plastic deformation at the asperity
tip [see Fig. 1(a)]. The insets of figure Fig. 1 demonstrate
qualitatively the degree of damage at the asperity tip. It can
be seen that in the presence of a strong interfacial adhesion,
the asperity tip undergoes severe plastic deformation.

The influence of adhesion on the wear relation. To ex-
amine Reye’s wear relation, Fig. 3(a) examines the linearity
of the wear relation Vwear/Va ∼ (Wtan/Vaτb)α as a function
of interfacial adhesion by presenting the exponent α as a
degree of linearity, where Va is the atomic volume. Two
contact regimes can be distinguished: I. the slipping regime

(εadh/ε0 =< 0.2), where no material detachment is observed
within the simulation time, and II. the adhesive wear regime
(εadh/ε0 � 0.4), where a linear wear relation (i.e., α ∼ 1)
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FIG. 3. (a) The wear relation exponent (α) as a function
of interfacial adhesion by fitting an exponential wear model
Vwear/Va ∼ (Wtan/Vaτb)α . (b) Reye’s wear coefficient by fitting
Vwear = k(Wtan/τb). Continuous frictional slipping without material
detachment is observed within the simulation time in simula-
tions with an adhesion parameter, εadh/ε0 < 0.2. Simulations with
an adhesion parameter εadh/ε0 > 0.4 show continuous material
detachment in which the Reye’s linear wear relation with a load-
independent wear coefficient k can be obtained. The wear coefficient
k increases slowly with the adhesion parameter. In the transition
regime (0.2 < εadh/ε0 < 0.4) the correlation between the wear vol-
ume and the tangential work gradually changes from sublinear to
linear (α → 1), where a transition from frictional slipping [Fig. 1(a)]
to continuous material detachment [Fig. 1(b)] is expected.
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with a load-independent wear coefficient can be obtained.
There exists a transition regime from frictional slipping to
material detachment where the wear relation is sublinear (α <

1). The wear relation becomes linear (α = 1) when a strong
interfacial adhesion presents to promote bulk plasticity at the
asperity tip.

Inspired by Archard’s law, we rewrite Reye’s relation as
Vwear = kWtan/τb [26], where τb is the bulk shear strength
(∼21.6 GPa for bcc Fe at 300 K [44]) and k is Reye’s wear co-
efficient. The wear coefficient of k in Reye’s relation presents
the fraction of frictional work dissipated by bulk plasticity
(i.e., the efficiency of plasticity-induced material detachment).
Figure 3(b) shows that the Reye’s wear coefficient increases
with adhesion, corresponding to the wear regimes defined in
Fig. 3(a). It should be emphasized that to obtain the Reye’s
wear coefficient for nonlinear curves (i.e., α < 1) the fitting
procedure is carried out only for the linear range of data [see
Fig. 2(b)].

The transition from a sublinear to linear wear relation
can be understood from the mechanism of material detach-
ment from the tip. Inspired by the Archard’s assumption
[26], which was recently confirmed by numerical simulations
[25], we hypothesize that a linear wear relation can only be
recovered when the material detachment from the asperity
tip is dominated by bulk plasticity. Depending on materials
and contact conditions, various plasticity mechanisms can be
present at the asperity tip, e.g., dislocation plasticity [45–47],
amorphization [48,49], and grain-boundary-mediated plastic-
ity [50,51].

Fig. 4 shows dislocations activity at the contact interface
as a function of sliding distance. In the low-adhesion regime
(εadh/ε0 < 0.2), the tangential work is mainly dissipated at the
contact by frictional slipping, where only misfit dislocations
are present at the contact interface between the tip and the
substrate due to the crystalline lattice mismatch [Fig. 4(a1)].
While a small degree of atomic rearrangement occurs at
the contact interface, the lattice structure in the asperity tip
remains unchanged during frictional slipping. Under this con-
dition, no bulk (i.e., volumetric) dislocation plasticity and
material detachment can be observed.

In the transitional regime (εadh/ε0 = 0.2 − 0.4), while
only misfit dislocations are present at the contact interface
[Fig. 4(a2)], a larger degree of atomic rearrangement (i.e.,
interfacial amorphization) occurs at the asperity tip. As a
result, minute atomic clusters occasionally detach due to local
thermal-induced atomic vibrations at the contact (i.e., atomic
attrition [2,3]). In this regime, a sublinear wear relation (e.g.,
Arrhenius-type equation) may be expected [52]. The linear
correlation between the dislocation length and the contact size
[Fig. 4(c)], which is consistent with the theoretical explana-
tion of sliding friction [53], confirms the solitary presence of
misfit dislocations at the contact between the tip and the rigid
substrate.

Alternatively, in the high-adhesion regime (εadh/ε0 > 0.4),
interfacial dislocations presented at the contact migrate into
the bulk [Fig. 4(a3)], causing volumetric plasticity at the as-
perity tip (i.e., dislocation-mediated interface migration). In
other words, the contact interface between the asperity and the
rigid substrate turns into a grainlike boundary in the asperity
tip. As shown, atoms at both sides of the boundary rearrange

to a minimum energy configuration, causing an initial drop
in the total dislocations length [see Fig. 4(b)]. As shown
in Fig. 4(a3) [see also Fig. 1(c)], the crystal orientation of
detached material from the asperity tip acquires the orien-
tation of the substrate. Upon sliding, the tangential stress at
the contact causes further migration of the boundary into the
bulk, causing as increase in the boundary area and the total
dislocation length.

The horizontal displacement of the asperity in the high-
adhesion regime is accommodated by dislocation glide on slip
planes in the bulk instead of the original contact interface. A
linear correlation between the wear volume and the tangential
work can be understood, as the tangential work mainly dissi-
pates by volumetric (bulk) plasticity, where frictional slipping
is suppressed due to a strong interfacial adhesion. In this
case, the plastically deformed volume of the tip pastes over
the substrate and a linear wear relation is recovered. It is
worth mentioning that Fe is chosen as a model material in this
study; therefore one should expect similar wear mechanisms
and regimes with other ductile metallic systems. It has been
discussed that [57–62] the contact size at the asperity level
controls the behavior of dislocations at the contact interface.
The movement of dislocation from the contact plane to the
asperity bulk, which is observed in this study, can be a direct
result of dislocation trapping at the contact [57,58]. Further
studies are needed to explore the effect of the contact geom-
etry (e.g., the asperity size and shape) [8,63] and chemical
conditions [55] at the interface on the transition in wear
mechanisms. It would be also interesting to study the case of
asperity sliding over a deformable substrate [64,65], where a
larger degree of atomic rearrangement at the contact interface
may further trigger dislocation movement into the asperity
bulk.

In AFM adhesive wear experiments [2–4], the degree of
chemical solubility and material passivation as well as the tip
surface roughness governs the degree of interfacial adhesion
and corresponding wear mechanism. Increasing the normal
load and the contact temperature favors a linear relation be-
tween the wear volume and tangential work. Additionally,
lateral interactions between interlocking asperities, which to
a large extent presents at the contact between rough sur-
faces, further suppress the frictional slipping mechanism and
promotes plasticity-induced material detachment. This may
explain the widely observed linear wear relation in macro-
scopic wear experiments in particular for metallic materials,
where plastic deformation play a central role at the contact. It
is yet of interest to study the effect of elastic and plastic inter-
action between neighboring asperities in multiasperity contact
on the material detachment mechanisms and wear relation.

IV. CONCLUSION

In summary, large-scale MD simulations are performed to
study the adhesive wear behavior at the single-asperity level.
Consistent with previous AFM experiments and numerical
simulations, our results show that the Archard’s wear relation
fails to characterize wear behavior at the single-asperity level,
particularly in the presence of a low interfacial adhesion and
applied normal load. Alternatively, our simulations show that
a linear wear relation can be recovered via the Reye’s wear
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FIG. 4. (a) Visualization of dislocations activity at the contact between the tip and the substrate in simulations with the adhesion parameter
εadh/ε0(a1) = 0.2, (a2) = 0.3, and (a3) = 0.4 under applied load papp/H = 2.21 × 10−6. The substrate has been omitted from the snapshot
for clarity. The blue atoms are of bcc structure, while the white ones are amorphous. Dislocations are identified by the DXA algorithm. While
dislocations remain at the contact in the first two cases (εadh/ε0 = 0.2 and 0.3), they migrate into the asperity bulk, forming a grain-boundary-
like interface in the asperity tip for εadh/ε0 = 0.4. See Supplemental Material, Movies 2 and 3 [34] for more information. (b) Evolution of
total dislocation length (l) as a function of sliding distance (S) for different adhesion cases. (c) Dislocation length (l) vs contact size (a). See
Supplemental Material, Fig. S3 [34] for detailed measurement of contact size, which is consistent with JKR [54–56] prediction before sliding.
It can be seen that the dislocation line is proportional to the contact size when frictional slipping is dominant.

relation only if the material removal is dominantly progressed
by bulk plasticity. This observation confirms Archard’s theo-
retical argument that the only possible mechanism to recover
a linear wear relation at the asperity level is the removal of
lumps from contact areas formed by plastic deformation.

Additionally, it is shown that the interfacial adhesion dic-
tates the mechanism of wear and transition from a discrete to
continuous material detachment. At the low-adhesion regime,
the work of tangential force mainly dissipates through fric-
tional slipping through the movement of misfit dislocations
in the contact. Thermally assisted atomic cluster detachment
may present during frictional sliding. In the presence of strong

adhesion, bulk plasticity occurs at the asperity tip, causing
the detachment of material from the asperity tip. Under this
condition, a linear correlation between the tangential work
and wear volume can be recovered, where the coefficient
represents the fraction of frictional work dissipated by bulk
plasticity.
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