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Abstract We describe a friction model to link the con-
tinuum-based shear and plowing method of Bowden and
Tabor with the atomistic processes that occur at the
nanoscale. We show that the interfacial shear component
can be modeled via dislocation drag at the interface, and
the plowing in terms of power-law creep. We show that
without empirical friction measurements, this approach has
a strong predictive power for the interfacial sliding of
crystalline materials.

Keywords Friction mechanisms - Nanotribology -
Contact mechanics

1 Introduction

Tribology is an old discipline that has recently been seeing
an increase in attention. Historically, the science behind
sliding contact phenomena has been explored in many
different ways, but never fully understood due to its com-
plexity and the difficulty of experiments. Recently, how-
ever, it has become insufficient to account for friction and
wear approximately or empirically. As device engineering
trends continue towards reductions in scale, surface effects
become relatively more and more important. In addition,
increasing concerns about energy and efficiency highlight
the significance of frictional losses and the importance of
tribology to the lifetime of devices.
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There is a long history of using modeling to under-
stand friction. Engineering models, such as those of
boundary lubrication, have for decades used contact
mechanics and geometry to predict frictional behavior in
the presence of lubricants [1-3]. While these methods
have been successful in predicting phenomena such as
stick—slip [4], more fundamental atomistic analysis on a
smaller scale is still desirable. From the earliest atomistic
models of Tomlinson [5] and Frenkel-Kontorova [6], we
have seen increased understanding from using molecular
dynamics, finite-element modeling or similar methods
[7-14]. In conjunction with experiments which are able
to probe smaller and smaller length scales, we are able to
predict more about atomic behavior under stress than we
ever have. However, such deterministic methods are
inevitably run at small length and time scales, as a result
of the many calculations needed to be done per time
step.

It is not a new idea to consider the role of dislocations in
such small-scale friction processes. In fact, dislocation
dynamics has been used effectively to model friction [15]
and contact mechanics [16], although again at small scales.
It is clear that small scale materials science can be linked to
the behavior of sliding asperities, but again the complexity
of such models limits their applicability to a wide variety
of experiments.

It is possible to describe the behavior of a stressed
material in a more general sense, using the idea of defor-
mation mechanisms rather than individual dislocation
stresses. One of the earliest attempts to account for the
effects of deformation on friction was made by Bowden
and Tabor [17], hereafter abbreviated as the BT model. By
considering the contact mechanics of an asperity sliding
across a flat surface, they realized that not only should
there be a shearing component of friction at the interface,
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but the plowing of material in front of the tip should
contribute as well. The sum of these two retarding forces
was taken to be the effective frictional force experienced
by the asperity.

The model is quite simple conceptually, and has only the
contact area, shear strength, and flow pressure as parame-
ters. As a result, the BT model has been widely used as
a starting point for determining the components of fric-
tion. Efforts to introduce material property dependencies
into the BT model include work by, e.g. Bull [18],
Malzbender and de With [19], and Komvopoulous [20].
However, the relevant terms in these models are often
empirical in nature, as they are generally put forth in the
context of scratch tests or other tribology experiments. This
can result in difficulty when attempting to reproduce or
compare results. Attempts have also been made to extend
the BT model to take into account additional forms of
material deformation, such as asperity creep, asperity
deformation in general, etc. These extensions can range
from rock friction to aerospace applications [21-24]. This
kind of approach has been useful for making sense of more
and more complex data sets, but fundamentally it still relies
on the experimental data to determine the friction force. In
addition, these empirical models present a challenge to
understanding the details of a sliding interface at a more
fundamental level.

The focus of this paper is to develop a formulation of the
BT model in terms of the underlying materials science of
bulk plastic deformation. Instead of extending the BT
model, we aim to limit the dependence on empirical terms
with an analytical formulation. In particular, we equate the
shear strength to the retardation of dislocations at the
sliding interface, and consider the plowing in front of a
rigid asperity as a creep process. We will focus on copper
with a grain size of 0.1 mm, but the model is extendable to
other materials. The aim of the model is not to exhaustively
take into account all mechanisms of friction, but to use
dislocation theory to approximate the frictional force of a
crystalline material at steady state in terms of well-known
bulk deformation mechanisms, and using the substantial
existing knowledge on asperity contact mechanics. Due to
the non-specific analytical nature, we can then check the
model against a wide range of experimental and other
results.

2 Model

We will first develop the model by equating the two
components of the BT approach to retardation of disloca-
tion motion at the interface, and creep. We will then pro-
vide some numerical details of the results.

@ Springer

3 Interface Shear Strength

The BT friction model is a simple summation of shear
and plowing forces: S + P = F. The shear component of
friction in this model essentially considers the normal
contact area during sliding interacting with the “shear
strength” of the material. This shear term is described by
the total contact area (as given by the Hertzian model
[25] for a spherical asperity as ma” where a is the contact
radius) multiplied by the shear strength of the softer
material s, so S = ma’s. The empirical shear strength in
this case is thought of as the critical stress a material can
accommodate before yielding in shear (critical resolved
shear stress).

However, if we look at this model from the point of
view of the deformation mechanics, we know that the
interfacial sliding has to do with dislocation motion, and
indeed we can consider the forces on the dislocations to be
representative of the macroscale forces on the material
[26]. Using this interpretation, we can redefine the empir-
ical shear term S as a viscous dislocation drag force F, (see
below). Both terms effectively try to capture the interfacial
resistance generated by sliding one material over another.

The problem of viscous drag of dislocations in the bulk
is well established, and when applied to a sliding interface
[26] gives a macroscale friction force due to the dislocation
drag Fp if:

N4 (opb)(sin0 0
_ Na(apb)(sin 0 + cos )Cot

Fp 2

NEEECI

By

where v is the velocity of the dislocation, b the Burgers
vector of the dislocation, o, is the Peierls stress, Ny is the
number of dislocations in the contact area, 0 is the mis-
orientation angle from a commensurate surface, and B, is
the sum of the electronic, flutter, and phonon wind con-
tributions to dislocation drag. For our purposes, we can
consider only incommensurate surfaces and set 0 to be a
constant 10° angle. Then, for a given velocity of relative
motion, we need only to determine B, and Ny.

For the calculation of B, (which can be decomposed
into different quasiparticle excitations by the moving strain
field of a dislocation), the reader is referred to the paper by
Merkle and Marks [26] and references therein. Ny is simply
determined by multiplying the areal density of dislocations
by the contact area 7ma®, as determined by force
equilibrium:

Fx Fn
—=H=a=1/— 2
na? a nH 2)

where Fy is the normal load and H is the generalized
hardness, or resistance to plastic deformation, which
combines the elastic and plastic material responses.
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Increasing H will reduce the contact area for a given
normal load. For copper, yield strengths may vary widely,
but 500 MPa was chosen as a typical value of H for this
model.

4 Plowing

The plowing component of friction deals with the force
necessary to physically push the material in front of the
asperity aside. The plowing term in the BT model is given
by the cross-sectional area of the groove track caused by
the asperity, multiplied by the “flow pressure” (i.e. the
necessary instantaneous stress to cause or continue plastic
deformation).

Rather than analyzing this along the same lines as in the
original BT model, we use a more standard materials sci-
ence approach and deal with the plastic deformation as
creep. For high-temperature, power-law creep, we know
the semi-empirical relationship between shear strain rate
and shear stress:

(3)

where D, is the diffusion coefficient (neglecting disloca-
tion core diffusion), b is the relevant Burgers vector, G the
shear modulus, o, is the shear stress, n is the power-law
creep exponent, and A, is the appropriate Dorn constant.
For n = 3 and A, = 1, this relation is quite general and
can be derived from physical models of dislocation
mechanics. However, most materials require variation of
these two parameters to fit experimental data, for reasons
which are not completely clear. As a result, we must look
to experimental data for bulk copper to determine A, and
n [27].

We build in a temperature dependence in an Arrhenius
fashion for the diffusion constant, and the modulus has a
temperature dependence as well [27]:

D, = Dyye (4)

T - 300) TmdG
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Tw )GodT
For a given asperity velocity and shape we will be able to
geometrically determine the shear strain rate in the material.
This rate is solely dependent on the velocity and the
relevant distance over which the dislocation deforms
the material. In this case, we take the reference length as
the distance from the dislocation core exhibiting 1% strain.
In the pressure—temperature regime where power-law creep
is the dominant deformation mechanism, then we can
equate the shear strain rates. In the case of a cone-shaped
asperity:
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Fig. 1 Creep and drag forces versus sliding velocity and asperity
shape. Normal load 100 pN, temperature 0.8 T,,,, cone/pyramid angle
20°, and sphere radius of curvature 1 pm
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In the above equations, we have derived a mathematical
formulation in which we couple the conventional creep
model with the shear stress o acting on the interface.
Similar forms exist for spherical and square pyramidal
asperities. The frictional force due to plowing can then be
easily written using the contact radius a, determined by
force balance between the normal load and the indented
material, and corresponding indentation depth d:

FC = O'SA
kTn%v E (7)
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where Eq. 7 is for a cone with angle 6, Eq. 8 is for a square
pyramid with angle 6, and Eq. 9 is for a sphere with radius
of curvature R. See Goddard and Wilman [28] for an
analysis of the contact mechanics of differently shaped
asperities.

These equations for the creep force F combine with the
Fp term given by Eq. 1 to give the friction coefficient u:
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Fp + Fc
p=—r

= (10)

5 Results and discussion

We find in general that modeling the plowing component
of friction as a result of material deformation, in this case,
power-law creep, is a feasible approach. As we will see
below the trends and values are in general consistent with
the literature.

Figure 1 compares the drag (adhesive) and creep
(plowing) components to total friction. The dislocation
model predicts a transition (curved region on the plot)
where the dominant source of drag goes from radiative
to viscous effects. The influence of plowing friction is
most felt in this regime, where the total friction deviates
most from the adhesive force. Also note, under similar
circumstances, the spherical asperity produces less
plowing due to the higher aspect ratio of the cone and
square pyramid. In general, the ratio of plowing to
adhesive components of the friction coefficient falls
within the reported range for measured metal-on-metal
friction [29].

We can see by virtue of the shear term alone that there is
a sharp transition in the friction force, which corresponds
with the onset of viscous drag effects on dislocations.
Comparison with the deformation mechanism maps for
copper shows that this transition also has a good correlation
with the stress necessary to leave the climb-mediated creep
deformation regime and enter a regime of power-law
breakdown, where the glide rate becomes the controlling
factor [27]. In effect, it is postulated that once the material
can no longer easily deform via dislocation motion, there
are sharp increases in the friction from the change in
deformation mechanism. We can further speculate that
because wear rates are analytically linked directly to fric-
tion [28], the inability for a material to deform easily via
dislocations leads to a sharp increase in the material ejected
from the interface as wear.

We find that at high normal loads, shown in Fig. 2, the
increase in net friction force becomes directly proportional,
meaning the coefficient of friction becomes a constant. The
increasing normal load in this model is tied to increasing
contact area, and it is evident that at high loads, the
increase in the drag force becomes dominated by the
increase in contact area, and corresponding increase in the
number of dislocations at the sliding interface. The creep
force has the same dependence on the horizontal projected
contact area regardless of the force, so this result is to be
expected.

Figure 3 shows the isolated effect of increased plowing
severity while holding the drag force constant. A similar
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Fig. 2 Friction force versus normal load. 100 m/s sliding velocity,
and cone angle 10°
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Fig. 3 Friction force versus cone angle and temperature. For a cone-
shaped asperity, 1 m/s, 1 N load. A decrease in the cone angle
corresponds directly to an increase in the penetration depth of the
asperity, for the same normal load

plot will be obtained if you plot the data vs. penetration
depth. As the cone angle decreases for a given load, the
asperity must penetrate deeper into the material to maintain
force balance. Under significant plowing (0.1 radians cor-
responds to a 355 pm penetration depth), the plowing force
will dominate. This trend is consistent with reported
experimental and theoretical penetration depth dependence,
considering an asperity with finite penetration depth would
result in a constant creep force once the cone angle
becomes small enough [19, 30]. It is also clear that
increasing temperatures not only increase the absolute
contact areas, increasing friction overall, but increase the
creep component of the total friction. At higher tempera-
tures, the material deforms more easily by creep, resulting
in lower frictional forces.
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6 Conclusions

We have presented a very straightforward dislocation-
based interpretation of the BT shear and plowing model.
Our formulation uses an analytical continuum approach to
predict the steady-state friction forces to first order at a
sliding interface, with only a few well-known experimen-
tally derived parameters necessary. The predictions from
this model—in particular, the power-law creep mechanism
for plowing friction—have a good correspondence with
measured results, and using only dislocation-based defor-
mation mechanisms we can account for a good deal of
tribological behavior. Not only is this approach easily
modifiable and extendable to other materials, but it is able
to offer alternative explanations for known phenomena in a
materials science context. In that sense, we have seen that
this approach can be quite effective in understanding fun-
damental trends in friction behavior and therefore, how
they can be affected by materials design.

Furthermore, the structure of the model—and its basis in
the BT approach—provides the ability to easily incorporate
additional phenomena, such as asperity deformation [31],
shear-localized chip formation [32], dislocation pinning,
grain boundaries, and other energy dissipation mecha-
nisms. Modeling dynamic processes using dislocation
theory might also be a fruitful approach to expand this
model.
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