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Effect of adhesion on material removal during adhesive wear
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The process of surface degradation and material removal due to adhesive force between rubbing surfaces (i.e.,
adhesive wear) involves an apparent contradiction. The material exchange between sliding surfaces requires a
strong adhesion between surface asperities, whereas the detachment of final wear particles demands a weak
adhesion between worn fragments and sliding surfaces. Here, using a coarse-grained numerical technique, we
study the complete process of wear particle formation (i.e., nucleation, evolution, and detachment) during
adhesive sliding contact. We show that discrepant experimental and theoretical wear observations can be
attributed to different stages of the wear particle formation. In particular, we address the opposite contribution
of adhesion into the formation and detachment processes of wear particles. Our simulations reveal that reducing
adhesion diminishes the adhesive wear in three ways: (i) reducing the probability of wear particle formation, (ii)
increasing the required energy per unit volume of removed materials (i.e., decreasing the energy efficiency for
particle formation), and (iii) alleviating the growth of formed wear fragments.
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I. INTRODUCTION

Adhesive wear is the process of surface material removal
due to localized adhesive bonds between sliding surfaces.
The degree of interfacial adhesion between contacting sur-
faces is controlled by several factors such as environmental
conditions [1–3], the degree of surface chemical contamina-
tion [4–8], material compatibility/solubility [2], and surface
roughness [9–14]. It has been empirically shown that one can
diminish adhesive wear by reducing the strength of interfacial
adhesion between sliding surfaces [15–17]. A clear mechanis-
tic picture of adhesion contribution into the material removal
process, however, remain elusive as most wear observations
are obtained from post-factum analysis of worn surfaces.

It has long been hypothesized [18,19] that during adhesive
contact between two solid surfaces, a small fraction of sur-
face asperities contact at their tip, forming strong adhesive
junctions resulting from the cold welding process. During
sliding, a negligible fraction of these junctions fails under
combined compressive-shear stress state, leading to material
transfer between sliding surfaces [20,21]. Several mechanisms
such as subsurface crack propagation [22,23], surface material
delamination [24,25] and ploughing mechanisms [26] have
been proposed for the process of material removal during slid-
ing wear. Detailed microscopic analysis [1,5,24] suggested
that transferred fragments grow by continuous removal of
additional surface material and agglomeration with other frag-
ments. These fragments may eventually be eliminated from
the contact in the form of loose wear particles [1].

The examination of wear particle morphology (e.g., size,
shape, and structure) at different stages of wear processes
can reveal valuable information about wear mechanisms and
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influencing factors [27–29]. Three stages have been dis-
tingiushed in the life of an adhesive wear particle [1,30,31]: (i)
material transfer between sliding surfaces, (ii) wear particle
formation through growth and agglomeration of transferred
fragments, and (iii) wear particle matureness (i.e., steady state
rolling or elimination out of the contact).

A clear understanding of these hypotheses and influenc-
ing parameters necessitates an in-situ microscopic tracking
or direct simulation of the process of wear particle forma-
tion, which presents notorious experimental [32] and numeri-
cal [33–36] challenges.

Recent numerical simulations [9,37–39] showed that a
wear fragment forms at the onset of contact between two
asperities, only if the junction between the two asperities, is
bigger than a characteristic length scale. Comparing the stored
elastic energy at the asperity junction and the fracture energy
associated with the nucleation and propagation of subsurface
cracks at the asperities base, the model [9] provides a critical
junction size as a function of shear modulus (μ) and fracture
energy (G) of the contacting asperities and the interfacial
shear strength of the junction (τ j):

d j = λ
μG

τ 2
j

, (1)

where λ is a shape factor, which equals to 8/π and 3 for
idealized cases of cylindrical and spherical particle formation
respectively. For brittle materials, the fracture energy can
be estimated as twice of the surface energy [40], whereas
for ductile materials, additional contribution due to plastic
dissipation needs to be considered in the fracture energy [41].
Equation (1) predicts a critical junction size (dj) for the
asperity fracture and wear fragment formation at the asperity
level adhesive contact. In other words, the more brittle the
contacting asperities are, and if the interfacial adhesion is
stronger, the minimum junction size for fragment generation
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will be smaller. The model has been extended for studying ad-
hesive wear of sliding contact between rough surfaces [42,43]
and slipping mechanism between interlocking asperities [44].

It has been argued [1,45] that wear fragments formed
at the onset of contact between surface asperities are small
and tightly adherent and they only come off in the form of
larger particles by accretion of further material from sliding
surfaces (i.e., snowball growth mechanism). The eventual
detachment of wear particles from sliding surfaces has also
been rationalized on the basis of adhesion reduction due to
surface contamination [30,46] and/or the imperfection in the
contact [47].

Rabinowicz [48–50] argued that an already formed frag-
ment can come off as a loose wear particle if the internal
energy stored into the adhered fragments exceeds the adhesive
energy. Using this argument and assuming that only 10% of
the maximum stored energy at yield can be trapped into an
adhered fragment, he formulated a criterion for a minimum
size of loose wear particles

dp = 30EW

σ 2
yp

, (2)

where E and σyp represent Young’s modulus and the yield
strength of the fragment and W is the work of adhesion. The
work of adhesion at the interface between two solid surfaces
can be defined as W = γa + γb − γab, where γa and γb are
the surface free energy of solid bodies a and b and γab the
interface free energy, all per unit area (for two identical solids,
the work of adhesion is W = 2γa). Equation (2) estimates
the minimum size of wear particles (dp) over which adhered
fragments come off as loose wear particles while smaller ones
remain adherent.

While both models are developed based on the energy
balance concept [40], the contribution of adhesion in them
seems contradicting. In Eq. (1), decreasing adhesion reduces
the shear strength of junction (τ j) and therefore increases
the critical junction size for nucleation of wear fragments.
However, reducing adhesion causes a lower work of adhesion
(W ) in Eq. (2) and decreases the minimum size of loose wear
particle. In other words, Rabinowicz’s model [48] suggests
a direct correlation between the interfacial adhesion and the
size of loose wear particles, whereas the critical junction
size model [9] suggests an inverse correlation between the
interfacial adhesion and the minimum asperity junction size
for wear particle formation.

Using a new numerical development, in this study, we in-
vestigate the contribution of adhesion in the nucleation, evolu-
tion and detachment processes of adhesive wear particles. Our
simulations explain the opposite contribution of adhesion in
the nucleation and evolution of wear particles during adhesive
contact. Furthermore, the influence of interfacial adhesion on
internal morphology of loose wear particles is discussed.

II. METHOD

All simulations are 2D molecular dynamics simulations
performed in LAMMPS [53] using a recently developed coarse-
grained model interatomic potential [9], which enables direct
analysis of the wear particle formation at computationally
feasible length scales [37,38]. The simulation setup is similar

FIG. 1. (a) Bulk and interfacial interatomic potentials, used in
this study. The cut off radius is reduced by modifying the tail of the
Morse potential [51], to embrittle the system and to allow simulating
the crack nucleation and propagation at the atomic level [9]. To
model adhesion, a similar set of potentials with the bond energy
differing by a scalar (0.4–1) is used. This factor, referred to the ad-
hesion coefficient, represents the degree of interfacial adhesion with
respects to the cohesion strength of sliding solids (i.e., γadh/γcoh).
(b) The idealized setup for simulating the wear particle formation
at the asperity level adhesive contact. See Refs. [37,38] for more
information about the simulation setup. Bulk and surface atoms are
coloured in gray and red, respectively. While a same bulk potential
is applied, two gray colors are used to distinguish the top and bottom
solids. (c) and (d) show the result of a new algorithm that enables
on-the-fly detection of surface atoms and reassignment of a weaker
adhesion potential for modeling the effect of adhesion reduction due
to surface contamination. See Sec. II for more information about the
algorithm.

as in Ref. [9] [see Fig. 1(a)] i.e., sliding simulations with
two pairs of colliding asperities and with a constant per atom
normal load 0.001 ε/r0 and constant tangential velocity 0.01
r0/t0 (t0 is the reduced time unit) on a fixed layer on the
top. Periodic boundary conditions are applied in the sliding
direction. This idealized setup allows well-defined parametric
studies that are impossible with more realistic surface ge-
ometries, while retaining the essential physics of the process.
Throughout the paper, reduced units of ground-state bond
length r0 and bond energy ε are used. A Verlet algorithm
with a time step 0.0025t0 is used for numerical integration.
Langevin thermostats (with a damping parameter 0.05t0) at
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FIG. 2. Snapshots of different stages of wear particle formation in the presence of different interfacial adhesion: (a) γadh = γcoh, (b) 0.8γcoh,
and (c) 0.6γcoh. As shown in (d), no particle is formed with a lower interfacial adhesion γadh = 0.4γcoh. The morphology of individually removed
fragments during the process of wear particle formation in the reference and final configurations are shown in (a8), (a9), (b8), (b9), (c8), and
(c9). An isolated fragment is identified when an area is entirely closed by surface atoms. See movie of these simulations in Ref. [52].

the boundaries were set to a temperature of 0.1 ε/kB. Analysis
and visualization are conducted with OVITO [54].

To mimic the effect of interfacial adhesion, we use a similar
set of potentials with the bond energy differing by a scalar
(0.4–1) [see Fig. 1(a)]. This factor, referred to the adhesion
coefficient in this study, represents the degree of interfacial
adhesion with respects to the cohesion strength of sliding
solids (i.e., γadh/γcoh). To study the effect of adhesion at all
stages of wear particle formation (and not only at the onset
of asperity contact [37], Fig. 1(b)), we use a new numerical
development to enable on-the-fly detection of surface atoms
and re-assigning a specific interfacial adhesion potential to
them [see Figs. 1(c) and 1(d)]. The method computes the atom
coordination number considering the cutoff radius of 2.5r0 at
every 1000 time step. Atoms with the coordination number
between 0–15 are considered as surface/contaminated atoms.
The coordination number for a bulk atom in a 2D hexagonal
lattice with a cut off radius of 2.5 is 18. Next, we modify
the interaction between those identified surface atoms for
the remaining simulation time by changing the interatomic
potential to a specific interfacial potential [see Fig. 1(d)]. This
development also allows us to distinguish between inter- and

intrafragment regions in a wear particle, revealing information
about material removal mechanisms that contribute to the
particle formation.

III. RESULTS AND DISCUSSION

Figure 2 presents snapshots of wear particle formation
during sliding contact between two surfaces with the same
initial surface topology (two semicircular asperities), material
properties, sliding velocity and applied normal force, but
different interfacial adhesion: γadh = γcoh [Fig. 2(a)], γad =
0.8γcoh [Fig. 2(b)], and γadh = 0.6γcoh [Fig. 2(c)]. As seen, the
nucleated wear fragment rolled over into a circular wear par-
ticle, where the system reaches to a steady state rolling condi-
tion. Similar observations have been reported in ceramics [55]
and rock [56,57] friction experiments, where wear fragments
agglomerate into cylindrical rolls by a shear-induced torque
between the opposing slipping surfaces.

Interestingly, Fig. 2 demonstrates that the lower the
adhesion, the smaller the final size of wear particle
at the steady rolling state, which agrees with previous
experimental observations [5,48,58] and the Rabinowicz’s
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FIG. 3. The onset of snow ball particle growth mechanisms for
different adhesion cases. Tracking the rotation of the interface line
between the contacting asperities, it can be seen that the particle
rolling is initiated at different stages of sliding for different adhesion
parameters. (a) In the presence of low adhesion (γadh = 0.6γcoh),
wear particle rolling occurs after several contact events, once the
size of the junction between the sliding surfaces becomes larger than
the critical junction size required to form a particle. The particle
formation, however, occurs at the first contact for higher adhesion
parameters [(b) and (c)]. It can be seen that the higher the adhesion
parameter, the smaller the wear particle at the onset of rolling. The
onset of rolling is identified when the interface line between two
asperities starts to rotate.

model [2]. On the other hand, consistent with the critical
junction size model, Figs. 3(a)–3(c) show that the larger is the
adhesion, the larger is the junction size to initiate snow ball
growth mechanism.

As seen in Figs. 2(a1)–2(a7), if full adhesion presents
(γadh = γcoh), the initial contact between asperities forms a
large and strong enough junction [Fig. 2(a1)]. The strong ad-
hesion between asperities stimulates the shear strength of the
junction and consequently reduces the critical junction size
for the fracture-induced material removal [Eq. (1)]. The strong
adhesion also expedites the formation process of wear particle
via a few but severe removal of surface materials through deep
subsurface cracking. In this situation, the imposed tangential
work is mainly consumed to nucleate and propagate subsur-
face cracks. As a result, the final wear particle consists of
a few large powderlike fragments with the same crystalline
structure as the sliding solids. The morphology of removed
fragments during the initial and final configurations are shown
in Figs. 2(a8) and 2(a9), respectively.

Decreasing interfacial adhesion, however, increase the crit-
ical junction size for fragment nucleation via the asperity
fracture [i.e., the larger junction is needed to remove surface
material by fracture, Eq. (1)]. Considering the simulation with
the adhesion coefficient of 0.6 [Figs. 2(c1)–2(c7)], it can be
seen that first few contacts between asperities fail plastically
without generating a fragment [Fig. 4(a)], as the initial asper-
ity junction is smaller than the critical one. Further sliding
results in further plastic deformation and material exchange
between sliding surfaces which modifies the roughness of
surfaces. Eventually, a fragment is nucleated at a later stage
[Fig. 2(c3)], once the established junction between surfaces
becomes larger than the critical junction size. For the 0.4 ad-
hesion coefficient, the surface roughness is initially modified
due to the lateral contact between the asperities, but soon the
system reaches a steady state sliding condition without wear
particle formation for the given applied load and boundary
conditions.

Consistent with previous experimental observa-
tions [22,59], these simulations show that the lower
the interfacial adhesion, the more gradual and mild the
propagation of shallow subsurface cracks. As a result, the
formed wear particle has a layered structure consisting of a
more number of thin flakelike sheets with a large fraction of
contaminated area between fragments.

It can also be seen that the weak inter-fragment adhesion
causes disintegration of the rolling wear particle into smaller
pieces (see Figs. 2(b3) and 2(c5) and movies in Ref. [52]).
However, because of the imposed periodic boundary condi-
tions in the simulation (i.e., mimicking reciprocal or cyclic
sliding), broken fragments interact again and reagglomerate
into a rolling particle [Figs. 2(b5) and 2(c6)].

To understand the micromechanics of material removal
process and adhesive particle formation, we quantitatively an-
alyze the energy efficiency of wear particle formation and the
size and structural evolution of wear particles. Figures 4(a)–
4(c) shows the evolution of tangential force (F ), tangential
work (W = ∫

Fds), and the volume of wear particles (Vp).
It can be seen that the stronger the adhesion, the larger the
maximum tangential force and the shorter the effective sliding
distance (i.e., the sliding distance required to reach a steady
state rolling condition). In other words, in the presence of
strong adhesion, the debris particle forms by the agglomera-
tion of a few but large fragments over a short sliding distance.
In this simulation, a large portion of the wear particle volume
(∼50%) is removed as a result of one removal event [see
Fig. 4(d)]. On the contrary, in the simulation with a weaker
interfacial adhesion, a larger number of smaller fragments
agglomerates over a longer sliding distance and forms a loose
rolling wear particle [Fig. 4(d)].

Comparing the energy efficiency of the particle formation
process (i.e., required energy per unit volume of removed ma-
terial, W/Vp) in Fig. 4(d), it can be seen that the formation of a
particle is less efficient in the presence of weak adhesion (i.e.,
a larger portion of tangential work dissipates through other
mechanisms, e.g., frictional slipping, plasticity, and surface
chemical contamination). Figure 4(f) confirms this argument
by showing the percentage of contaminated atoms (i.e., atoms
which being part of free/crack surfaces) inside wear particles.
It shows that while this fraction is 20% in the presence of full
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(a)

(b)

(c)

(d)
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FIG. 4. Quantitative analysis of the evolution of (a) tangential force F , (b) energy W , (c) the particle volume Vp, and (d) the required energy
per unit volume of removed material W/Vp. (e) presents the volume of individual wear fragment (Vf ), normalized by the total volume of the
particle at steady rolling state. (f) shows the fraction of contaminated surface atoms (i.e., atoms which being part of free/fracture surfaces)
inside the formed wear particles (VcVp). The unit thickness is assumed for volume quantities.

adhesion (γadh = γcoh), it increases to 50% in the case of the
reduced adhesion (γadh = 0.6γcoh).

The effect of adhesion on the internal morphology of the
wear particle can be discussed by arguing that a stronger
adhesion promotes a deeper propagation of subsurface cracks
and a larger removal of surface material during particle for-
mation. In other words, a thicker layer of subsurface material
transfers to the rolling particle when a strong adhesion is
present between sliding surfaces. This observation can be
understood by analyzing the state of stresses at the contact
between the rolling particle and sliding surfaces.

Considering a simple 2D stress state [Fig. 5(a)], the angle
of the maximum principal stress, that is responsible for the
subsurface crack propagation at the trailing edge of the rolling
wear particle, can be computed as

θI = 0.5 tan−1

(
2τ j

σ

)
, (3)

where σ and τ j are the normal and shear stresses at the contact
between the rolling particle and the sliding surfaces. For a
given size of the rolling particle and under a constant applied
load, one can assumes a constant normal stress at the contact.
In this situation, a larger interfacial adhesion causes a higher
contact shear strength (τ j) and the angle of maximum princi-
pal stress (θI ), resulting a deeper propagation of subsurface
cracks. Comparing Figs. 5(b) and 5(c), it evidents that the
stronger the interfacial adhesion, the deeper the propagation
of subsurface cracks and the larger the amount of removed
material. A similar argument was hypothesized in the Suh’s
delamination theory of wear [24] that the increase in surface
traction (and the tangential component of contact stresses) can
create thicker wear particles, causing the transition from mild
to severe wear.

This analysis may also rationalized the existence of surface
asperities with larger aspect ratios at smaller scales [60,61].
At smaller scales, the probability of cold welding (due to
severe plastic yielding) and formation of high shear strength
junctions between surface asperities is higher. As a result,
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FIG. 5. (a) Schematic of stress state at the contact between the
rolling third body particle and sliding surface. The angle of subsur-
face crack propagation in adhesive wear simulations with (b) full
(γadh = γcoh) and (c) reduced (γadh = 0.6γcoh) interfacial adhesion,
showing that the stronger the interfacial adhesion, the deeper the
crack propagation angle and the larger the amount of removal ma-
terial. (d) Evolution of the angle of maximum principal stress (θI ) at
the trailing edge of the rolling wear particles.
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deeper subsurface cracks and thus a higher surface roughness
can be expected at smaller scales.

Figure 5(d) shows the evolution of (θI ) as a function of
sliding distance for different adhesion coefficients. As seen,
the crack opening angle is the largest in the simulation with
the full interfacial adhesion. This analysis explains abrupt
formation of a wear particle over a short sliding distance
in the presence of strong adhesion. It explains also why the
system reaches to a steady state in terms of wear particle size
and tangential force as θI and consequently the amount of
transferred material from the sliding surfaces to the rolling
particle diminish [Fig. 4(g)]. The reduction of θI over the slid-
ing distance can be explained as the interfacial shear strength
between the particle and sliding surfaces decreases due to
the surface contamination and imperfect contact geometry
between the rolling particle and sliding surfaces.

IV. CONCLUSION

By developing a new algorithm to model the effect of
chemically driven surface contamination in molecular dy-
namic simulations, we studied a complete process of nucle-
ation, evolution and detachment of a wear particle during ad-
hesive wear. Our simulations confirm a long-standing hypoth-
esis [1,24,31] of wear particle formation by agglomeration of
transferred material fragments. Our simulations revealed that

in the presence of a strong adhesion, wear particles are formed
through the agglomeration of a few but instantaneously re-
moved large fragments over a small sliding distance. On the
contrary, the weak adhesion promotes the mild formation of
smaller particles through the accretion of flake-like transferred
sheets. Our simulations highlight different contributions of
interfacial adhesion during the process of wear particle forma-
tion. It demonstrates that reducing adhesion (i) decreases the
probability of wear particle formation at the asperity contact
(confirming the critical junction size model [9] [Eq. (1)), (ii)
reduces the size of loose wear particle (in agreement with
previous experimental observations [5,48]), and decreases the
energy efficiency of material removal process (i.e., the lower
the adhesion, the amount of energy required is higher to
remove a unit volume of surface material).
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