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Friction between crystalline bodies is described in a model that unifies elements of dislocation drag, contact mechanics, and

interface theory. An analytic expression for the friction force between solids suggests that dislocation drag accounts for many of the

observed phenomena related to solid–solid sliding. Included in this approach are strong arguments for agreement with friction

dependence on temperature, velocity, orientation, and more general materials selection effects. It is shown that calculations of

friction coefficients for sliding contacts are in good agreement with available experimental values reported from ultrahigh vacuum

experiments. Extensions of this model include solutions for common types of dislocation barriers or defects. The effects of third-

body solid lubricants, superplasticity, superconductivity, the Aubry transition, and supersonic dislocation motion are all discussed

in the framework of dislocation-mediated friction.
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1. Introduction

The laws of friction dating back to DaVinci,
Coulomb, and Amontons still see use in basic discus-
sions of the phenomenon [1]. Three basic observations
have persisted for 100s of years: the dependence of the
friction force on normal load, the independence of
friction with velocity and with apparent area of contact.
Unfortunately, none of these laws are universally valid;
more importantly, nothing fundamental about the dis-
sipative processes associated with friction may be
derived from these basic expressions [2]. Nanotribolog-
ical friction experiments capable of single asperity
analysis, enabled by the development of tools with high
force sensitivities such as the atomic force microscope
[3,4] (AFM), quartz crystal microbalance [5,6] (QCM),
and the surface force apparatus (SFA) [7], have shown
that the macroscopic friction laws are not the same as
the atomic (nanoscale) origins of friction.

The atomic origins of friction have been the subject of
theoretical studies since the introduction of Tomlinson’s
model [8] of a ball and spring dragged over a periodic
potential. This model and its successors including the
Frenkel–Kontorova [9] model produced a number of
successful solutions for interfaces including stick slip
behavior in friction [10], the formation of misfit dislo-
cations [11,12] and more general commensurability
effects in static [13] and kinetic cases [10]. Unfortunately
in most cases these models describe static friction, and

do not always include the dissipative terms, which lead
to dynamic friction. More recently, numerical methods,
such as molecular dynamics have studied atomic scale
friction phenomena on short time and length scales
[14,15].

Consider the gedanken case of forming an interface
between two grains (of the same or different materials)
of periodic materials by placing cut sections of the
perfect lattices in contact. At the interface there will be
unbalanced stresses due to the mismatch of the two
lattices. In almost all cases, these are relieved by the
formation of dislocations near the interface; this is true
independent of whether we are talking about metals,
ceramics, or crystalline polymers (e.g., self-assembled
monolayers). Note that these dislocations are intrinsic to
the presence of the boundary, and are not introduced by
any external action such as deformation. Suppose we
now apply a shear stress across the interface as in a
friction experiment. Relative sliding can occur via:

(a) Motion of dislocations near the interface
(b) Motion of dislocations away from the interface
(c) Rigid body translations of the two materials as in

a Tomlinson model.

It is well known that in general mode (c) requires
much higher stresses than either (a) or (b); plastic
deformation is almost always achieved via dislocation
motion. If the interface is relatively weak compared to
the bulk material the low energy path will almost always
be (a). The dominant dissipative forces associated with
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the motion of dislocations are well documented in the
literature [16].

The purpose of this paper is to develop a general
model for friction considered in terms of the dissipative
forces on the interfacial dislocations. This friction model
is solved analytically from first principals, combining
elements of three independently well-known physical
theories: interface theory, dislocation dynamics and
contact mechanics. Strictly speaking, the model only
applies to the unique case of a perfectly flat interface.
However, since the model is analytical (not numerical) it
can be used to extract general trends. Furthermore it is
quite plausible to extend the model to more experi-
mentally realistic cases, such as when there are barriers
to dislocation motion near the interface, using well-
established existing information about dislocations.

We will first take a look at each of these theories
independently so that the combined model may be
understood from a common viewpoint. We acknowl-
edge that large parts of these fields are well established,
but it is nonetheless useful to summarize them here,
realizing that despite their diverse origins, they may
collectively play an important role in the study of fric-
tion at the nanoscale. General discussion is available in
the literature regarding the theories of interfaces [17–19],
dislocations [20,21], and contact mechanics [22–24].

2. Interface theory and the geometry of interfacial

dislocations

We need to understand the geometry and density of
interfacial dislocations. The standard approach is based
upon the coincident site lattice (CSL) theory developed
by Bollmann [25,26] and Grimmer [27], as a geometric
model describing the coincidence, or ‘‘goodness of fit’’
of atomic lattice sites at an interface. To introduce the
basics of CSL theory, imagine two parallel perfect
atomic lattices are brought into contact. The two
structures are considered perfectly coincident if each
lattice site directly mirrors its counterpart through the

interfacial plane (figure 1). This, of course, is an
exceedingly rare condition, and for a given in-plane
rotation of one of the surfaces (known as a twist
boundary, figure 2) most of the lattice sites will fall out
of coincidence with the opposing surface. However,
some small fraction of atomic sites will be shifted into
coincidence forming a unique periodic structure, as
depicted in figure 1 for the

P
5 CSL. This periodic

arrangement can be mathematically described as a two-
dimensional lattice, where the inverse fraction of sites in
coincidence relative to the total number of real projected
interfacial atomic sites is represented by its

P
value.

Hence, a
P

5 (figure 1) coincident site twist boundary
has 1/5th of the total number of interfacial atoms in
coincidence and results from an in-plane misorientation
of 36.87 degrees.

Figure 1. Plan view of an unrelaxed S5 coincident site lattice

(h = 36.87�) produced by the relative in-plane misorientation of two

parallel cubic lattices. Open (grey) circles correspond to the top (bot-

tom) lattice, and black sites indicate perfectly coincident registry

between the top and bottom planes.

Figure 2. Force experienced by a screw dislocation resulting from an interfacial shear.
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For real non-rigid interfaces, boundary dislocations
will form to accommodate lattice strain. Between
dislocations, interfaces tend to form structures that
match low

P
values. Although the exact relationship

between the degree of coincidence and grain boundary
energy is unknown, it is generally accepted that higher
coincidence yields lower energy boundaries. In fully
relaxed cases, interfaces are energetically preferred at
slight misorientations inducing periodically spaced dis-
locations relative to exact low index boundary configu-
rations (Table 1). This corresponds to an energetic
balance between regions of perfect

P
registry separated

by small regions of misfit at grain boundary dislocations.
For the case of twist grain boundaries (in-plane misori-
entation), Frank’s formula [21] describes the dislocation
separation distance L for a given misfit angle, h:

L ¼ bj j
2 sin Dh=2ð Þ ; ð1Þ

where Dh is the angular increment away from a perfectP
boundary orientation.

3. Dissipative forces for a moving dislocation

We now turn to the dissipative forces for a moving
dislocation. Early investigations into the sources of
dislocation drag considered the main source to be
associated with phononic dissipative processes. Originally
[28], it was suggested that the motion of dislocations
should follow a standard viscous force model, with drag
directly proportional to velocity. As experimental evi-
dence for nonlinear mobility of dislocations emerged
[29,30], it became clear that a viscous model could in no
way completely describe the dynamics of dislocations.
Now it is understood that several mechanisms influence
the mobility of dislocations through a solid, and that
competition between thermal fluctuations and dynamic
radiative processes takes place [16,29,30].

Most phonon contributions to dislocation drag
behave viscously, that is, with direct proportionality to
the velocity. They can be described by a drag coefficient,
B, having the following relation:

F ¼ Bv; ð2Þ

where B is the total drag coefficient and v is the dislo-
cation velocity. More accurately, this expression should
read

Fi ¼ Bij.vj; ð3Þ

where the drag coefficient is a tensor quantity, and
contains anisotropic effects. B will be expressed as a sum
of number of viscous drag effects.

The first phononic mechanism, known as the ‘‘pho-
non wind’’, arises from an aberrational effect associated
with a phonon distribution in a moving reference frame.
Phonons are scattered by moving dislocations as a result
of the nonlinear elastic properties of the crystal. The
expression for the damping coefficient of a screw dislo-
cation by the phonon wind [31] is

Bw ¼
1þ 3þ n

2l

� �2

p2

�h

b3
bkH
3�hct

� �5

f
T

H

� �

; ð4Þ

where l is the shear modulus, b is the magnitude of the
Burgers vector, k is the Boltzmann constant, ct is the
shear wave velocity, n is a Murnaghan coefficient, and Q
is the Debye temperature. f(x) is a more complex func-
tion of temperature, and is expressed for screw dislo-
cations as

fðxÞ ¼ x5
Z 1=x

0

dt
t5et

et � 1ð Þ2
: ð5Þ

In the limiting case of T >>Q, Bw becomes

Bw ¼
b

p2ct

3kT

b3

� � 1þ 3þ n
2l

� �2

36

bkH
3�hct

� �4

2

6
4

3

7
5: ð6Þ

Since a dislocation within a crystal contains its own de-
grees of freedom, it may vibrate in the thermal motion of
the lattice and consequently radiate elastic waves. This is
known as the ‘‘flutter’’ effect [2], and is expressed by

Bfl ¼
�hk3D
p2

f
T

H

� �

; ð7Þ

where kD is the upper limit to the Debye spectrum, and
f is yet another complex function [32] of temperature.
For a description of this temperature term, we direct
the reader to a work by Alshits [32]. The ‘‘flutter’’ ef-
fect is a re-radiation of phonons oscillating in a ther-
mal lattice field and will dominate over the phonon
wind (nonlinear scattering) mechanism at low temper-
atures and in materials with a low degree of anhar-
monicity.

Table 1.

The five most coincident twist boundary CSL arrangements for cubic

lattices and their corresponding misorientation angles.

Sigma Misorientation angle

(degrees)

1 0

5 36.9

13 22.6

17 28.1

25 16.3
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Interactions with phonons are not the sole source of
energy dissipation for moving dislocations. An expres-
sion for the electronic damping of dislocations was
solved by Holstein [33] to be

Be ffi
bNeeF
10vF

; ð8Þ

where Ne is the number of conduction electrons, �F is
the Fermi energy, and vF is the Fermi velocity. Typi-
cally, this value is not significant at room temperature
where phonon effects dominate. However, when low
enough temperatures are reached where phonon modes
are frozen out and where the free electron density is
sufficiently high, this term can be on the same order as
the total phonon contribution [16]. However the story
is not quite that simple, since low temperatures neces-
sitate the consideration of the superconducting transi-
tion. The effect on mobility of dislocations traveling
through bulk solids by superconductivity has been
observed experimentally [34–38] and predicted theo-
retically [39], and we expect it to manifest itself in the
case of solid friction.

The phonon wind, flutter, and electronic drag
mechanisms are the principal viscous drag contributors
to dislocations moving through a solid. Another
mechanism, radiation friction, plays a dominant role
particularly at low velocities, where friction studies are
most relevant. The discreetness of the atomic lattice
means that the strain field associated with a moving
dislocation oscillates with time, and elastic waves
radiate from the configurational oscillations of the
dislocation core. Even at 0 K, when all other dissipa-
tive channels are eliminated, this effect remains strong.
Alshits [40] solved a stabilized solution by including
the previously determined viscous drag terms into the
form

F ¼ rpb coth
brp

Btotvd

� �

; ð9Þ

where rp is the Peierls stress and Btot is the viscous drag
coefficient. Btot can be broken down linearly into its
individual components (phononic and electronic) as
described above:

B ¼ Be þ Bw þ Bfl: ð10Þ

Consistent with the phenomenon of static friction, the
total radiation drag stress will approach rp at zero
velocity.

4. Calculating the true area of contact

The dissipative forces only apply over the true con-
tact area, a standard problem in contact mechanics. The

Hertzian contact area, A, between a plane and a sphere
follows a load, L, dependence

A ¼ p
RL

E0

� �2
3
; ð11Þ

where R is the radius of the sphere, and E¢ is the effective
modulus given by

1

E0
¼ 4

3

1� m21
E1

þ 1� m22
E2

� �

; ð12Þ

where E1 and E2 and m1 and m2 are the Young’s modulus
and Poisson’s ratios of the two materials, respectively.
Despite finding somewhat reasonable agreement on a
macroscopic scale, the theory underestimates the con-
tact area for microscopic contacts since it ignores
adhesion. This is compensated for in solutions by
Johnson, Kendall and Roberts [41] (JKR), and Derja-
guin, Müller and Toporov [42] (DMT).

No macroscopic surface is perfectly smooth, and
therefore a number of small asperities are responsible
for contacting a relatively small fraction of the apparent
projected area. This is satisfied to some degree through
models established by Greenwood et al. [43, 44], but
remains an active field of research.

5. Model

Now that we have established the fundamental
theories related to the contact of crystalline bodies, we
turn to the specific development of the proposed model
for interfacial solid friction. Consider an interface be-
tween two materials in terms of an array of misfit
dislocations of Burgers vector b with a nearest-neigh-
bor separation of L. The separation, L, is determined
by the periodicity and relative orientation of the two
contacting surfaces. If the two bodies are in relative
motion with a velocity, V, the dislocation velocity, vd,
in turn will be:

vd ¼ Lb � V=b2: ð13Þ

This proportionality arises from the geometric condition
that requires a single screw dislocation to be punched
out one interdislocation length after an orthogonal
surface displacement of one burgers vector, as illustrated
in figure 2. The motion of a dislocation with burgers
vector, b, and line vector, n, will follow the Peach–
Koehler relation: F = (bÆr)� n, where r is the applied
shear stress, and will move in a direction normal to the
burgers vector. For the case of pure misfit dislocations
in a cubic twist boundary, the burgers vector distribu-
tion is in-plane and orthogonal to one another
(figure 3). Due to this intersecting distribution, a cosine
(dot product) dependence on the drag force results from
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changing the sliding direction. Only dislocations with
burgers vector components in the direction of sliding
experience a drag force.

The expression for the velocity of the interfacial dis-
locations (equation 13) is substituted into the radiation
dragging term (equation 9). Frank’s equation (equa-
tion 1) for the dislocation spacing, L, is also substituted
into equation 9; converting back to the retarding force
that needs to be overcome for continuing motion at the
macroscopic level (accounting for the arrangement of
dislocations in a twist boundary) gives

Fmacro ¼
Ndc rpb

� 	

2
coth

2 rpb
� 	

sin Dh=2ð Þ
BtotV

� �

; ð14Þ

where c ¼ sinðhÞ þ cosðhÞ, Nd is the number of dislo-
cations in the contact area, h is the absolute in-plane
misorientation angle and Dh is the angular displacement
from a given coincident site orientation (S boundary).
c represents the orthogonal distribution of Burgers
vectors in a lattice for a pure cubic twist boundary, and
may readily be generalized for tilt or more complicated
boundaries. Tilt boundaries containing edge disloca-
tions have not been calculated here, but will follow the
same model formulation. It necessitates a geometric
transformation accounting for the dislocation distribu-
tion (Frank’s formula) and a reevaluation of the viscous
and radiation drag terms. The viscous terms for edge-
type dislocation drag are known and will change slightly
in magnitude and temperature dependence; the more
significant consideration requires an analysis of the core
structure of the edge dislocation for radiation drag. The

authors are unaware of a closed form analytical solution
of this type.

One last step is needed to account for the true area of
contact. In the analysis above we have considered per-
fect contact between the two bodies, but it is known that
in reality a small number of asperities are in contact.
The most basic definition for the friction coefficient can
be written as

l ¼ Fmacro

FN
; ð15Þ

where the normal load FN, will determine the dislocation
array length A. The friction coefficient is only mean-
ingful if specific geometric and materials parameters are
known for the contact, since friction can vary signifi-
cantly with load. Variation in calculated values for l
(static or kinetic) will result from the selection of dif-
ferent contact models, e.g., Hertzian, JKR, DMT, or
through the choice of specific materials dependent fac-
tors as compliance and adhesion. For this reason,
equation 15 is left in this general form, where Fmacro

depends on the dislocation density and the contact area
as given by a chosen contact model.

6. Results

Figures 4 and 5 show the dependence of the macro-
scopic friction force (equation 14) on the dislocation
velocity using the S1 boundary. The calculations for fig-
ure 3 use experimental parameters given byMcFadden for
UHV sliding of Cu single crystals [45], while figure 5
demonstrates the effect of reducing the Peierls stress for
Cu. The radiation friction term clearly dominates the
friction force at low velocities, and the asymptotic con-
vergence to the Peierls stress at zero velocity indicates that
static friction exists for all cases where a Peierls-type
barrier is present. The critical velocity knee, where viscous
effects begin to dominate, is strongly dependent on the
Peierls resistance and the temperature and can exist in
bulk metals at significant fractions of the shear wave
velocity. This critical velocity is small for systems that are
weakly bound (sliding monolayers), shear easily in pre-
ferred crystallographic directions (graphite, MoS2), or
contain third body lubricating layers. It is worth noting
that an exceedingly similar velocity dependence has very
recently been observed for glassy polymethylmethacry-
late and octadecyltrichlorosilane by Bureau et al.; in
terms of the model used here it corresponds to a Peierls
stress of 0.02–1 Pa which we believe is a reasonable
number for a polymeric system [46].

To further illustrate the consequences of equation 14,
figure 6 shows how the friction force, Fmacro, varies as a
function of misorientation angle for highly coincident
boundaries. An anisotropic friction force shows
increases in friction at misorientations consistent with
CSL theory. The choice of CSL boundaries in figure 6 is

Figure 3. Plan view of a dislocation network produced by a twist grain

boundary. Burgers vectors, b, exist at right angle to each other, in

plane with the interface. Small deviations in misfit angle will produce

significant changes in the interdislocation spacing.
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limited to the highest density of coincident site states.
The determination of a cutoff in the number of peaks is
not trivial, but experimental studies on (100) twist
boundaries have confirmed the existence of unique
dislocation networks as high as S41 [47]. At which point
misorientations away from CSL boundaries will yield
areas of higher coincidence remains a subtle and unan-
swered question.

Friction anisotropy is predicted in this model for
both variations in sliding direction and misorientation
(same sliding direction). For variations in sliding direc-
tion, the dislocation distribution, c, contains this

dependence, in agreement with other experimental and
theoretical suggestions [48,49]. Experimental evidence
[48, 50–53] for friction anisotropy exists for several dif-
ferent interfaces, but no general consensus exists as to
the specific sliding conditions that yield this effect. Our
model predicts that misorientation anisotropy increases
with velocity, where viscous dislocation drag is the
dominant retarding force. Solid–solid friction experi-
ments should show an increase in anisotropic effects not
only as load is increased, as in the study by Enomoto
and Tabor [54], but as velocity passes the critical limit
that yields to a dominant viscous dislocation drag

Figure 5. Drag force per dislocation plotted as a function of dislocation velocity for several Peierls stress values. All contact and sliding

parameters follow those given in the Cu friction experiments by McFadden et al.

Figure 4. Frictional stress per dislocation as a function of dislocation velocity calculated at 100 K for Cu(111) and 300 K for Ni(100), following

McFadden [45] and Ko [52]. The crossover point from pinned to viscous behavior is determined to be 0.1 m/s for the given set of conditions.
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regime. A tradeoff can be made for high velocity
experiments by studying a system at higher temperatures
or with a lower Peierls barrier resistance (sliding
monolayers).

A graph of the temperature dependence of equation
14 is given in figure 7 for the case of Cu. Although the
precise temperature dependence of the Peierls stress,
rp(T), is not known, it has been experimentally observed
to decrease by an order of magnitude between 4.2 K and
300 K in close packed metals [55]. Competition exists at
finite temperatures between increased viscous drag
contributions that increase the required stress and an
activation rate increase that lowers it. Landau derived
the effective velocity of dislocations as a function of

statistical thermal surmounting of randomly spaced
Peierls barriers [56]. The inclusion of this velocity cor-

rection term veff � ve
�DH
kTð Þ, where DH is the activation

enthalpy estimated to be 0.01 eV and k is the Boltzmann
constant, has a minimal effect on the radiation force
term, where force is nearly constant with velocity.
However, the correction is significant for the viscous
dominated regime.

An important step in validating the present model is
examining whether calculated friction forces match
experimental data. Values are calculated for the mac-
roscopic friction coefficient based on a limited number
of available UHV friction studies. It must be stressed
that the calculated values for l are not universally

Figure 6. Friction as a function of twist misorientation angle. Only the lowest four CSL boundaries are shown.

Figure 7. The effect of temperature on the shape of the radiation drag of dislocations calculated for Cu.
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valid, rather they represent specific values calculated
for the experimental conditions (load, tip shape, sliding
velocity, environment, material) given in the referenced
studies and fundamental materials constants. Upper
and lower limits for the dislocation spacing, L, were
taken from experimental results of TEM studies of
manufactured twist grain boundaries [57–59]. Table 2
lists the values for l as calculated by our analytical
model and as reported in UHV friction experiments
[45,52,60]. The experimental friction values fall within
the model’s calculated range; not only is there good
absolute agreement, but relative changes in measured
coefficients of friction between different metals are also
accounted for. An increase in friction is present from
Fe (lowest) to Ni (highest), and is directly predicted by
the analytical calculations. Although, the range of
values in table 2 vary from two to three orders of
magnitude – something which is rarely seen experi-
mentally – they represent upper and lower limits of
ideal single crystalline contacts. To this end, even the
most careful UHV friction experiment will inevitably
measure friction between somewhat non-perfect crys-
tals, complete with a variety of defects, such as surface
steps, kinks or reconstructions.

The calculated values in table 2 contain a significant
dependence of friction with load. However, one of the
most common macroscopic observations is that friction
varies little as a function of normal load. In order to
account for this, an accurate multi-asperity model is
needed for incorporation into the calculations [43,44].

A complete topographic analysis of the surface would
allow for the statistical analysis (autocorrelation,
roughness, skewness, kurtosis) of asperity heights lead-
ing to a more load-independent calculation of friction
forces for multi-asperity contacts.

7. Discussion

The model that we have described gives quite reason-
able numbers for both the dynamical and static friction
coefficient. Many real cases will not be dominated by just
the interfacial term that we have considered, but will
involve more complicated dislocation motion. Just as
plastic deformation of materials at the nanoscale depends
on the motion of dislocations which at a continuum level
can be represented by, for instance, constituent models,
we will argue that the nanoscale understanding of friction
must involve dislocation motion near the interfaces,
which can (in the future) be built up into more continuum
scale constitutive frictional models.

We certainly cannot as yet explain all frictional
phenomena, but there are a number of cases where there
are some relatively straightforward connections between
our model and existing experimental data. In addition,
since dislocation models have primarily been developed
for strong materials, there are some open issues when it
comes to the relatively weak interfaces that one proba-
bly has in most real cases of friction. There are also
some open questions, for instance when interface dis-
locations are moving faster than the speed of Rayleigh

Table 2.

Comparison of experimental and theoretically calculated friction coefficients.

S L b, |bhkl| [Å] |vd| m/s N T (K) lexp lcalc Ref.

Fe(100) 2.87 0.1–0.15N 5.8±1.1 59

1 5 1.05E-04 0.1–0.15N 300 92.82–106.3

1 25 5.23E-04 0.1–0.15N 300 11.14–17.00

5 5 1/10<310> 1.05E-03 0.1–0.15N 300 9.28–10.62

5 25 1/10<310> 5.23E-03 0.1–0.15N 300 1.11–1.69

25 5 1/25<430> 2.61E-03 0.1–0.15N 300 3.71–4.25

25 25 1/25<430> 1.31E-02 0.1–0.15N 300 .45–.67

Cu(111) 2.55 25–50 mN 100 7.8±1.8 45

1 5 3.92E-04 25–50 mN 100 275.1–346.6

1 25 1.96E-03 25–50 mN 100 11.0–13.86

5 5 1/10<310> 3.92E-03 25–50 mN 100 27.51–34.67

5 25 1/10<310> 1.96E-02 25–50 mN 100 1.10–1.39

25 5 1/25<430> 9.80E-03 25–50 mN 100 11.0–13.86

25 25 1/25<430> 4.90E-02 25–50 mN 100 0.44–0.55

Ni(100) 3.52 40 mN 300 8.6±2.5 51

1 5 2.84E-04 40 mN 300 495.66

1 25 1.42E-03 40 mN 300 31.72

5 5 1/10<310> 2.84E-03 40 mN 300 49.568

5 25 1/10<310> 1.42E-02 40 mN 300 3.172

25 5 1/25<430> 7.10E-03 40 mN 300 19.833

25 25 1/25<430> 3.55E-02 40 mN 300 1.2694

Ranges displayed in lcalc correspond to the values calculated for the experimental range of loads. S is the coincident site boundary (CSL) index,

L is the inter-dislocation spacing in nanometers, b is the burgers vector and |b| its magnitude in Angstroms, vd is the dislocation velocity

orthogonal to the burgers vector in m s)1, N is the normal force, lexp is the experimental kinetic friction coefficient and lcalc is the calculated

friction coefficient from the dislocation drag model.
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waves at the interface, which merit further investigation.
This discussion presents a collection of tribological
phenomena that can be directly understood and
explained through this model, as well as some potential
topics for future research.

7.1. Superconducting transition

The effect of superconductivity on friction has recently
been studied by Dayo et al. [61] and Renner et al [62] in
systems of sliding monolayer films on lead substrates
using a QCM. Dayo et al. presented evidence of a sudden
decrease in friction forN2 films sliding on Pb substrates as
the superconducting transition is crossed. In an attempt
to reproduce this experiment, Renner et al. observed a
pinned film, with no slip occurring at any of their exper-
imental conditions. It was concluded by the authors that
slight differences in laboratory conditions (humidity and
substrate preparation consistency) are to blame for the
disparate results [62]. In the viewpoint of our model, both
results are valid, and even predicted. In the case of the
pinned film, the Peierls relief barrier is sufficiently large so
that the effects of electronic drag are not measured. This
can result from the presence of dislocations or steps at the
interface, which can act as dislocation sources as dis-
cussed later in this work, and is within the error of sample
preparation techniques. A step free interface will not in-
clude these additional barriers, enabling slip and the
measurement of the friction force.

At low temperatures phonon modes are ‘‘frozen out’’,
allowing electronic drag contributions to play a more
significant role. However, when the superconducting
transition is crossed, the number of electrons interacting
with dislocations is substantially smaller. It has been
shown both theoretically [39] and experimentally
[34,36–38] that the plastic properties, namely dislocation
drag, are greatly affected by crossing the supercon-
ducting transition. Detailed mathematical expressions
for the form of drag can be found in works by Kaganov
and Natsik [63] and Huffman and Louat [39]. Interest-
ingly, for the case of dry friction, these calculations
demonstrate that for v <<vc the electron drag coefficient
Be is no longer constant under the superconducting
transition temperature. Furthermore, it follows the
temperature dependence of the normal electron density.
This was confirmed experimentally by Kobelev and
Soifer [64] in a bulk material, and is worthy of further
investigations regarding solid friction experiments at
low temperatures.

7.2. The Aubry transition and superlubricity

As pointed out some time ago by Aubry [65], for
certain special, weakly bonded incommensurate inter-
faces the dislocations dissociate and the nominal static

friction coefficient goes to zero. The dynamical friction
due to traveling strain fields at the interface will not
vanish, so there will still be a contribution although we
are not aware of any attempts to apply the established
drag models to this specific case. The concept of super-
lubricity, a dramatic reduction of the static friction
force, has been the subject of much controversy since its
definition in a work by Shinjo and Hirano [66]. It was
shown, albeit not conclusively, in both experiments and
simulations that some conditions will lead to a decrease
in the friction force by several orders of magnitude by
simply changing the relative orientation of a crystalline
contact [67,68]. The scanning probe study, however, fails
to directly measure a normal force, and, strictly speak-
ing, only establishes a tunneling ,contact’. A more
careful FFM study by Dienwiebel [48] has shown very
low sliding friction forces between graphite flakes under
extremely low loads. The original definition of superlu-
bricity only accounts for dissipative elements associated
with phonons. Radiation friction and electronic drag
terms, as described in the introduction do not neces-
sarily behave in the same way as to vanish upon forming
an incommensurate contact. All sliding contacts will
contain some type of defect, whether it is due to finite
size (edge) effects or due to larger scale lattice relax-
ations that give rise to misfit dislocations. The exact
nature of the defect will determine its Peierls barrier that
will produce a finite friction force. Even in the case of
graphite, where the Peierls barrier in the basal plane was
determined to be 1� 10)17 Pa, an exceedingly small but
finite friction force exists [55,69]. This extremely small
dislocation barrier in the graphite basal plane suggests
that other defects or surface terminating layers play the
most significant role in friction for this system. Pinning
at the ends containing a dislocation line tension is likely
to dominate sliding of layers in graphite. This is con-
sidered to be the stress required to multiply dislocations
at Frank–Read sources. The origins of the low tribo-
logical properties of graphite must not be viewed as
sudden shifts of entire basal planes over one another,
but as the incremental propagation of dislocations
throughout the interface [69]. A calculation using our
model has been carried out to reproduce conditions gi-
ven in the experiment by Dienwiebel [48] (FN = 18 nN,
V = 20 nm/s, R = 80 nm), with shear stress values for
single-crystal graphite measured by Soule and Nezbeda
[70] (r = 29 kPa). We arrive at a S1 friction range of
l = 0.001–0.026 for dislocation spacing limits of 5 and
25 nm. The value reported for Dienwiebel’s FFM
experiment in the case of commensurate (near S1)
contact, was l = 0.017, clearly consistent with the cal-
culated results.

Since intrinsic grain boundary dislocations can be
pushed out of an interface by applying a shear stress (in
this case, sliding), sources for additional dislocations
must exist as well to maintain a dynamic friction force.
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Steps on a crystal surface can act as sources of dislo-
cations, via the Koehler mechanism [71]. Similar to a
Frank-Read source [72], this process of moving a screw
dislocation to an intersecting plane (cross-slip) can lead
to the multiplication of dislocations as drawn schemat-
ically in figure 8. Pile-up of dislocations will result,
preventing further motion in the slip plane. The angular
distribution of burgers vectors is changed by this pro-
cess, altering the anisotropic behavior of the retarding
force.

7.3. Third bodies and transfer layers

In the large majority of cases, one must allow for
the existence of third body sliding in the analysis of
most friction experiments. In the present context of
dislocation-mediated friction, a third body can be
modeled as two sliding interfaces rather than one, each
interface (and the respective interface dislocations)
moving at half the speed. In the high velocity regime of
our model the net dissipative force will be unchanged,
but in the lower velocity regimes it will be increased by
a factor of two, assuming a constant density of dislo-
cations. Of course, if the third body has a substantially
lower Peierls stress then the dominant sliding mecha-
nism will be via dislocations standing off from the
interface. This well-characterized phenomenon [73–75]
can be directly applied to solid friction experiments,
correlating wear of a transfer layer to the stand-off
distance of dislocations during sliding. Mader and
Knauss have shown in both experiment and theory
that dislocation standoff for the metal-oxide interface
between Nb and Al2O3 is between 1.8 and 4.0 d110
spacings. For materials with highly dissimilar shear
moduli, it is not unreasonable to have standoff dis-
tances exceeding 20 planar spacings. In our model this
would correlate with the width of any transfer layers.
This we consider to be a relevant wear mechanism for
solid lubricants (graphite, MoS2).

7.4. Work hardening and stick slip

It is interesting that the dislocation model will give a
form of stick-slip behavior at a more nanoscale level, as
against at the atomic level. Orderly motion of disloca-
tions as we have assumed (for simplicity) rarely occurs
in practice, instead one often gets what are called dis-
location tangles due to the effects of barriers in the
material. For the case of friction this would be anything
from surface steps to surface impurities. As the dislo-
cations become entangled, the density of dislocations
increases and the stress to move them becomes higher,
what is called cold work; this is a bulk phenomenon, but
we see no reason why it should not also occur at a
surface. The higher stress level required to move the
dislocations can lead to a different path for sliding to
become activated, in effect a stick-slip process.

7.5. Supersonic dislocations

One area where there might be some new effects is the
regime, where dislocations are moving at close to or
above the local speed of sound. The governing elastic
equations are analogous to the equations of relativity,
with the local speed of sound replacing the speed of light
in vacuum, with the exception that physically realistic
solutions do occur above the speed of sound. Elasticity
theory for dislocation drag has solutions for supersonic
motion, but at stresses that significantly exceed critical
yield stresses of materials when the shear wave velocity
is approached. More recent atomistic models have
shown that sustained supersonic dislocation motion is
possible given a supersonic starting condition [76,77]. At
an interface, particularly a relatively weak one, the
interfacial speed of sound (corresponding to Love or
Rayleigh waves) can be easily exceeded, and there might
well be new physical phenomena.

7.6. Collective dislocation modes: superplasticity

Grain boundary sliding refers to the displacement
of individual grains past one another when a sufficient
external stress is applied. This is equivalent to all the
misfit dislocations at the boundary moving collectively,
as against single dislocation motion. The relative
motion of the grains can take place immediately at the
interface, or at some small standoff distance (e.g.,
buffer layers) from the boundary. In bulk materials
this type of deformation process leads to what is
called superplasticity where plastic strain elongation
can reach several hundred percent (even up to 1000%)
before failure. It has been shown by internal friction
experiments that twist boundaries with higher energy
are more susceptible to grain boundary sliding than
those with low S indecies [78], which is predicted by

Figure 8. A Koehler dislocation source. A screw dislocation cross-slips

to a new plane before continuing motion on the original slip system.

Multiplication of dislocations can occur in this manner at a stepped

interface.
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our model. Two basic conditions are required to
achieve superplastic behavior: (1) grain sizes typically
less than 10 lm and (2) high temperatures, usually at
least half of the melting temperature. In nanocrystal-
line materials grain boundary sliding is often the
dominant mode of deformation.

We will speculate that a similar phenomenon may be
responsible for some solid lubricants at elevated tem-
peratures; at lower temperatures, we expect superplastic
effects to occur for polymers or self-assembled mono-
layers. These processes (in the bulk) are often thermally
activated, so a careful analysis of the temperature
dependence could potentially prove (or disprove) our
hypothesis.

7.7. Non-metallic friction

Covalent materials typically have Peierls stress
values many times higher than for metals. Experi-
mentally, however, lower friction forces are measured
for nonmetals than for metals in almost every case.
Buffer layers and dislocation standoff explain this
discrepancy. The formation of native oxide layers or
passivation layers at surfaces changes the magnitude in
which interfacial dislocations interact to produce a
drag force. Small standoff distances from an interface
(a few Angstroms) will cause a decrease in the drag
stress, since the dislocation now rests in the softer
material. Also, native passivation layers are typically
amorphous, which can more easily lead to incom-
mensurate contact conditions, known to decrease
friction [10,13,50,51,79].

8. Conclusions

We have developed an analytical friction model by
combining known theories of interfaces, dislocations,
and contact mechanics. Using no adjustable parameters,
only basic materials constants and given experimental
conditions, we demonstrate agreement between magni-
tudes of calculated friction values and experimental
UHV friction data indicating that dislocation motion is
an important mechanism in the analysis of crystalline
sliding contacts. The model directly addresses tempera-
ture, velocity and anisotropic dependence, showing that
friction behaves analogously to how dislocations are
affected by these factors. A number of tribological
phenomena may be understood through this model,
including superconducting friction, supersonic disloca-
tion motion, buffer layers and dislocation stand-off as
an atomic wear mechanism, superlubricity and the for-
mation of work-hardened tribolayers from dislocation
pile-up at Koehler sources. Ample room exists to exploit
the suggested phenomena through experiments at tem-
perature extremes and at high velocities for crystalline
friction.
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