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Abstract

The transition from static to dynamic friction is often described as a fracture instability. However, studies on slow sliding
processes aimed at understanding frictional instabilities and earthquakes report slow friction transients that are usually
explained by empirical rate-and-state formulations. We perform very slow (~ nm/s) macroscopic-scale sliding experiments
and show that the onset of frictional slip is governed by continuous non-monotonic dynamics originating from a competition
between contact aging and shear-induced rejuvenation. This allows to describe both our non-monotonic dynamics and the
simpler rate-and-state transients with a single evolution equation.
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More than two centuries ago, Amontons and Coulomb
studied the motion of a block on a surface and concluded
that sliding starts when the applied tangential force exceeds
uFy, where pg is the static friction coefficient and F the
force normal to the surface, determined by the weight of
the block. Once in motion, the usual observation is that
the frictional resistance drops to a smaller value given by
the dynamic friction coefficient y4. g and p, are taken to
be material properties that do not depend on block size or
shape, as Da Vinci already noted [1, 2]. These observa-
tions were later rationalized by Bowden and Tabor, who
suggested that surface roughness leads to a linear propor-
tionality between the real area of contact and the normal
force. One then just needs to suppose that the interfacial
shear strength of solids is a (material-dependent) constant to
retrieve a constant friction coefficient [1, 3]. However, real-
ity is much more complicated. The static friction coefficient
1, has been reported to vary considerably in the same system
[4-6]. It notably depends on the time that the surfaces have
spent in contact. In the simplest scenario with two solids in
static contact under a constant load, y grows logarithmically
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in time [7-9]. In line with Bowden and Tabor’s argument,
such aging is usually attributed to a logarithmic increase of
the area of real contact between the surfaces [9-11]. The
increase in contact area then also explains why u, > p,: a
static interface causes more friction because it has aged and
has a higher contact area, while, at the onset of slipping, the
micro contacts break up, causing the total contact area and
hence friction coefficient to shrink.

This simple picture, however, does not hold generically:
the static friction coefficient g and the area of real contact
can even evolve in opposite directions [12, 13]. In addition,
recent precise measurements of the real contact area show
that although the dynamic friction is smaller than static
friction, slipping can cause the area of real contact to grow
instead of shrink [14]. This clearly indicates that the idea
of constant friction per unit contact area (shear strength)
cannot account for the observed differences between y, and
Hq- What has to be considered is the collective dynamics of
the rough interface as a complex ensemble of many con-
tact points within which the basic interactions occur. The
simplest manifestation of such collective dynamics is the
logarithmic frictional aging at static interfaces. But a sliding
motion, or only application of a static shear load (without
sliding), can make the interface dynamics more elaborate
through erasing the frictional memory and changing the rate
of aging [15]. These effects and, therefore, the slip dynamics
are also coupled with the geometry of the interface and the
applied forces, in a way that can sometimes lead to a fracture
instability [4, 16, 17].
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To inspect the slip dynamics, we impose frictional motion
on a small, rough interface between a mm-sized sphere and a
flat smooth surface. This interfacial system contains a large
distribution of individual asperities [14, 18, 19]. The slid-
ing experiments are performed using a rheometer (Anton
Paar MCR302) that can apply very small angular velocities
to a rheometer tool, a plate that is normally used to confine
a liquid for rheology experiments. A polytetrafluoroethyl-
ene (PTFE) sphere of 3.18 mm diameter and approximately
1.5 pm root-mean-square (rms) roughness (after removing
the macroscopic spherical curvature) is attached off-center
by a custom—made holder. We also use polypropylene
spheres of 2.45 mm diameter and 1.3 pm rms-roughness.
The surface topography of the spheres is measured with a
Keyence optical profilometer. By lowering the rheometer
head, the sphere touches a smooth (< 1 nm rms-roughness)
and clean glass coverslip to make a Hertz contact circle with
a typical normal force (measured by the rheometer) of less
than 100 mN. Subsequently, the rheometer tool is made to
rotate and drags the sphere on a circular path on the glass
slide, while measuring both the normal force and rotational
torque simultaneously. The moment arm of the frictional
force is 7 mm, which is much larger than a typical contact
circle (< 120 pm in diameter in normal forces less than 100
mN) and the sliding distance in our experiments. The rota-
tional inertia of the whole rotating part including the sample
holder and the sphere is measured prior to setting up the
contact and subtracted by the rheometer, so that the torque is
zero in non-contact condition. Therefore, the recorded torque
directly gives the friction at the sphere and glass interface.

A typical friction experiment (pink curve, Fig. 1a) shows
that the frictional force is highest at the onset of slip, and
then decreases to its steady dynamic value. This is the usual
observation that static friction coefficient is larger than the
dynamic one. The transition, however, is continuous and
extends over a longer time at a smaller sliding velocity (red
curve). The uniqueness of our setup is that it can reliably go
to very low rotation rates. We find that if the sliding velocity
decreases to very small values (~ nm/s), the frictional force,
starts from zero and slowly increases to an apparent steady
value (Fig. 1b). Such transients with both increasing and
decreasing friction have been observed for a variety of slid-
ing materials; notably in slow frictional sliding of rocks in
laboratory studies of tectonics and earthquake dynamics [11,
20]. They are commonly described in the phenomenologi-
cal rate and state friction framework, in which the frictional
strength of the contact can show either of slip weakening or
strengthening, depending on the slip velocity. Our sliding
experiments reveal another distinct behavior of a frictional
interface: in any sliding velocity, the transient dynamics fade
away when the experiment is repeated with the same veloc-
ity immediately afterwards (grey curves, Fig. 1a, b). Only
after significant waiting (aging) or refreshing the contact,
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Fig. 1 Transient friction at the onset of sliding for PTFE sphere-on-
glass frictional system. a At high sliding velocities friction starts
from a point above the steady-state value. It then gradually decays
to the steady state, passing through a slow transient. The second run
of the same interfacial system (grey curve, following after the red
curve) does not show the pronounced transient anymore. b At low
sliding velocities, friction increases from zero to an apparent pla-
teau value. Again, the slow transient behavior vanishes in the second
slip. Instead, a linear force, due to the elastic response of the system,
builds up until the interface slides at the plateau friction. We sub-
tracted this elastic reaction from the first sliding force to obtain the
actual friction dynamics (purple curve). In fact, the recorded time
is replaced with the horizontal (time) distance between the initial
dynamic and the elastic characteristic line (black arrows)

the pronounced transients reappear again. This clearly indi-
cates that the state of the interface evolves during the first
sliding and the interface ‘remembers’ its sliding history in
the next run. The repeated runs show a characteristic linear
force which starts from zero and increases up to the plateau
friction, where sliding occurs. This linear force is due to the
elastic response of the measurement system, which we can
subtract from the first-run sliding dynamics (Fig. 1b, blue
curve) to obtain the actual frictional strength (purple curve,
again increasing from zero). Indeed, a part of the rotational
deflection of the rheometer, which is advancing with a con-
stant rate, is accommodated by the elastic deformation of the
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sphere and the rheometer components (instead of sliding at
the interface). This elastic contribution can be easily sepa-
rated from the first friction dynamics of the interface at low
sliding speeds, by making the replacement:

r— @ = Leorr ()
kv

where kv, with k the elastic shear stiffness of the total
measurement system (rheometer + elastic deformation
of the bead) and v the sliding velocity, is the slope of the
red dashed line in Fig. 1b. This therefore removes the time
needed for the theometer to store the elastic force of F in the
system from the original data, as also shown by black arrows
in the figure. In the case of infinite stiffness of the system,
k — oo, or very large sliding speeds, v — oo, no correction
is needed.

When corrected for the elastic response of the measure-
ment system, the deceasing and increasing friction tran-
sients in high and low sliding speeds persist, and we now
ask how these are related? To investigate this question,
we observed the dynamics of the frictional interface in a
slow sliding experiment over a much longer time (typi-
cally a few hours), corresponding to a sliding distance
comparable to the fast sliding case (~ 25 pm). Figure 2
shows the evolution of the frictional strength of the inter-
face when it slides with speed of 1 nm/s in an isolated
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Fig.2 Non-monotonic friction dynamics for sliding of a typical
PTFE sphere on glass surface. The sliding speed is 1 nm/s. It takes
approximately 5 h for the frictional system to reach the steady-state
dynamic friction. The elastic response of the measurement system
has been subtracted. A second sliding run, started 5 min after the
first run, is also shown (grey line). Cyan solid line is Eq. (3), with
a=092 pm~!, a/F; =0.62 and f, = 14.8 s as fitting parameters.
The inset shows the timeframe from 0 to 3000 s. Triangles are data
from Fig. 1a, 4 pm/s, when the time axis is extended 4000 times. This
implies that, although the two transient dynamics occur on very dif-
ferent time scales (2-3 s vs 25,000 s), they are similar when plotted as
a function of sliding distance

noise-free environment. The linear elastic contribution
has been subtracted from the plot. Remarkably, the inter-
face frictional strength, after increasing for a long time
(~ 1000 s), reaches a peak value and then decays very
slowly to its steady-state (dynamic) friction. This non-
monotonic behavior cannot be described by the standard
rate-and-state theory. The effect is not simply due to wear
and/or plastic changes of the surface roughness, since it
reappears each time the contact is renewed, independent
of how many times two surfaces have previously moved
over each other. It is inherent to the new interfacial system
and results from the evolution of the contact area itself by
aging and shearing.

In order to understand the friction transients, we con-
sider that for a stationary interface, logarithmic aging
implies dF/dt = a/t, where ¢ is the age of the interface and
a is a constant. We assume a ‘shear rejuvenation’ process
that counteracts the aging [21, 22]; the simple assumption
is that the rejuvenation rate is proportional to the sliding
velocity, v, and how far the system is from its steady-state
dynamic friction, F(¢) — F, [22]. The competition between
aging and shear-induced rejuvenation of the asperity con-
tacts leads to a simple differential equation for the friction
force:

dFF _a
E = ? - lXV(F—Fd). (2)

The constant «, with dimension of m~!, contains the shear-
ing characteristics of the contact interface. Dividing both
sides of Eq. (2) by v reveals that the assumption of shear-
induced rejuvenation being proportional to the sliding rate
is equivalent to a simple fundamental statement about slid-
ing friction: the state of the sliding interface depends solely
on the total sliding distance x = vt, as we indeed see in the
low-velocity dynamics (Fig. 3). This has also been inspected
already by extensive studies of transient phenomena in rocks
friction (see [11] and references in there). In the rate and
state formulations, a characteristic sliding displacement is
introduced to describe the evolution dynamics after a change
of sliding conditions [11, 23, 24]. It has been shown that this
distance is independent of sliding speed and normal stress,
but changes with, e.g. surface roughness. Moreover, the fact
that the repeated sliding runs (grey curves, Figs. 1 and 2) do
not demonstrate the transient friction peak anymore means
that the evolution of the system in time, perhaps due to plas-
tic flow at asperities, is negligibly slower than the sliding
evolution imposed by Eq. (2). If we stop sliding, the only
thing that changes is the bulk elastic energy of the system.
As soon as this elastic deformation is restored again by the
rheometer (the linear force), the interface slips with the same
frictional force as when it was stopped.
Solutions of Eq. (2) are of the form
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Fig.3 The increasing slow-sliding dynamics, before subtract-
ing the elastic contribution, can be approximated by an exponen-
tial fit: In(1 — F/F,,) = wt, with ® linearly proportional to v so that
In(1 — F/F,) ~ vt. F,, is the maximum friction in each case. Since
the elastic force is also proportional to shear deflection vz, the actual
friction evolution derived from their difference must also be a func-
tion of the total sliding distance vt, in agreement with Eq. (2)

4 avt’

—av e —av

F(t) = ae™" / T d’ + Fy(1 — ™), 3)
0—)

where f, — 0 is a singular point in time from which the
interfacial system evolves by aging and rejuvenation. Such
a singular behavior arises in all disordered systems demon-
strating logarithmic aging, ranging from creased/crumpled
paper [25, 26] and granular piles [27] to static frictional
interfaces [7, 12, 28]. The consequence is that, if 1, — 0, the
first term of Eq. (3) yields infinite forces, which is obviously
not observed in reality. For friction to be finite, there is a
cut-off at short times, determined by how the two materi-
als were brought in contact with each other [28]. From this
initial state, the sliding process, collectively described by the
above evolution equation, starts. We find this simple descrip-
tion to work even quantitatively: Eq. (3) can reproduce the
observed non-monotonic friction evolution extremely well
(Fig. 2). Imposing a small sliding speed, the friction force
first increases and goes to values above the steady-state
friction by the integral originating from the aging term.
It subsequently decays exponentially due to the rejuvena-
tion. Figure 2 also shows that, although the 4 pm/s transient
dynamics of Fig. 1a extends over a much shorter time scale,
it is similar to the much longer 1 nm/s sliding dynamics
when plotted as a function of the sliding distance.
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Fig.4 Computed friction evolution for a system with av = 0.007 s~
and a/F; = 0.3 for different values of #; from 0.001 to 0.3 s. Because
of the singular behavior of frictional aging, the peak value or static
friction depends logarithmically on £, (inset)

The above understanding of friction provides a compre-
hensive picture of how and when a frictional slip occurs,
and in addition explains why it is generally very difficult
to reproduce the static friction coefficient in experiments
[5, 6, 21]. While rejuvenation or de-aging of the asperity
contact area starts with the smallest applied tangential force
[14], a macroscopic slip is only triggered and maintained
if the applied shear force is larger than the peak frictional
strength of Eq. (3). However, both the height and the time of
this peak are determined by the aging and shear dynamics,
given by Eq. (3); and in this way, they depend on the history
and initial state of the interface. Consequently, the threshold
shear force of the onset of slip cannot be defined as a simple
material constant, i.e. the static friction coefficient [5]. In
fact, due to the singular nature of aging, the non-monotonic
dynamics are very sensitive to the initial state of the inter-
face, represented by t,,. Figure 4 shows how our modeling
predicts that the peak friction value, and hence the static
friction coefficient to be a logarithmic function of #,. Small
changes in ¢, that are experimentally hard to control lead to
significant variations in the static friction. This description
of the onset of sliding friction also gives an explanation for
why micrometer-scale motions can make large changes in
the frictional properties of an interface [21], corresponding
to ubiquitous observations that small pre-vibrations can help
to overcome the initial static friction when one is sliding a
heavy object over the floor. The partial de-aging (rejuve-
nation) imposed by these small vibrations can change the
dynamic pathway of the interface, leading to a smaller static
frictional barrier.

Our results yield a fundamentally new understanding
of the onset of slip at frictional interfaces. The simple, but
remarkably non-monotonic, friction evolution shows that the
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classical concept of the static friction is ill-defined and the
static friction barrier in the transition from static to steady-
state sliding of a frictional interface emerges through the
continuous dynamics of the onset of slip. This should be
valid for describing the slip behavior of all frictional systems
that undergo aging, including slow slip processes along an
earthquake-generating fault. Analyzing and understanding
these processes is critically important for monitoring the
nucleation of earthquakes [23, 24, 29].
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