nature

LETTERS

Vol 463|7 January 2010|doi:10.1038/nature08676

Slip-stick and the evolution of frictional strength

Oded Ben-David', Shmuel M. Rubinstein'{ & Jay Fineberg'

The evolution of frictional strength has great fundamental and
practical importance. Applications range from earthquake
dynamics'™ to hard-drive read/write cycles®. Frictional strength
is governed by the resistance to shear of the large ensemble of
discrete contacts that forms the interface that separates two sliding
bodies. An interface’s overall strength is determined by both the
real contact area and the contacts’ shear strength®’. Whereas the
average motion of large, slowly sliding bodies is well-described by
empirical friction laws>*'°, interface strength is a dynamic entity
that is inherently related to both fast processes such as detach-
ment/re-attachment''~'* and the slow process of contact area reju-
venation®”'>'>'S, Here we show how frictional strength evolves
from extremely short to long timescales, by continuous measure-
ments of the concurrent local evolution of the real contact area and
the corresponding interface motion (slip) from the first micro-
seconds when contact detachment occurs to large (100-second)
timescales. We identify four distinct and inter-related phases of
evolution. First, all of the local contact area reduction occurs
within a few microseconds, on the passage of a crack-like front.
This is followed by the onset of rapid slip over a characteristic
time, the value of which suggests a fracture-induced reduction of
contact strength before any slip occurs. This rapid slip phase cul-
minates with a sharp transition to slip at velocities an order of
magnitude slower. At slip arrest, ‘ageing’ immediately commences
as contact area increases on a characteristic timescale determined
by the system’s local memory of its effective contact time before
slip arrest. We show how the singular logarithmic behaviour
generally associated with ageing is cut off at short times'®. These
results provide a comprehensive picture of how frictional strength
evolves from the short times and rapid slip velocities at the onset of
motion to ageing at the long times following slip arrest.

Although frictional motion is often conceptually viewed as the
motion of two rigid bodies in perfect contact at a planar interface,
in fact, the applied normal load Fy is supported by an ensemble of
micro-contacts that comprise only a small fraction of the apparent
contact area. The real contact area A of these micro-contacts deter-
mines the interface strength®’. The interface’s properties differ
entirely from those of the surrounding elastic material'’, because it
bears local pressures that approach the material yield strength. How
these contacts detach and re-attach is central to understanding fric-
tional motion.

Frictional slip'®"” initiates rapidly, through the fracture of contacts.
A number of different fracture mechanisms'"'>'**" have recently been
reported involving contact area reduction via crack-like “detachment
fronts”"? preceding frictional motion. When the applied shear force Fs
is not uniformly distributed along the interface, arrested (precursory)
detachment fronts® are excited for Fs well below the threshold for
macroscopic frictional motion at Fs = usFy (where g is the static
friction coefficient).

Upon cessation of motion, contacts re-form and strengthen. In
many materials, interface strengthening is attributed to growth of A

through contact rejuvenation®”" as frictional strength (embodied in

Us) increases logarithmically with the time of static contact®>*".
These slow changes, referred to as ‘ageing’, are common to a class
of ‘glassy’ physical systems that are characterized by the existence of a
large number of meta-stable configurations in which a system can
dwell, while slowly relaxing to states of lower energy'®. The way in
which a frictional system evolves to this asymptotic logarithmic
dependence, while regularizing the apparent singularity of us at short
times has been, until now, experimentally inaccessible. Here we
examine how the local values of the real contact area A(x, t) and
concurrent slip d(x, t) are related throughout detachment, slip and
rehealing. These measurements provide an inclusive picture of pro-
cesses that occur within frictional slip.

Our experimental system is schematically shown in Fig. la. Two
poly(methyl methacrylate) (PMMA) blocks form a long (200 mm)
and thin (6 mm) interface of approximately 1 pm root-mean-square
roughness. The blocks are initially pressed together by a fixed, spa-
tially uniform normal force Fy. Fs is applied to the upper block’s
‘trailing’ edge at x= 0. A(x, t) is measured'>" (see Supplementary
Information) by illuminating the interface area with a laser sheet
whose incident angle is well beyond the angle for total internal
reflection from non-contacting parts of the interface. Under these
conditions, the light intensity transmitted at each point x along the
interface is proportional to A(x, ¢). This light is imaged by a fast
camera, capturing changes in A(x,f) that occur over timescales
ranging from 10 ®s to 10°s (each of the camera’s 1,280 pixels is
mapped to a 0.2 mm X 0.8 mm region of the interface). In parallel
to contact measurements, concurrent high-resolution displacement
measurements are performed at specific points X adjacent to the
interface.

When F; is slowly increased, the spatially non-uniform shear stress
distribution along the interface gives rise to a sequence (Fig. 1b) of
arrested (precursory) detachment fronts®. Each successive front in
the sequence initiates at the sample’s trailing edge (x = 0), and pro-
pagates an increased distance before arresting within the interface. At
every point along its path, each detachment front both generates a
sharp reduction in A(x, t) and initiates slip d(x, ). No overall motion
of the blocks occurs® until the fronts reach the leading edge (x = L).
A close look (for example, Fig. 1c) reveals that detachment fronts are
extremely rapid, with velocities that approach the Rayleigh-wave
speed cg (1,280 ms™"). These high speeds suggest that the processes
of detachment, slip and subsequent rehealing of the interface must
initiate at extremely short (microsecond) timescales.

Arrested detachment fronts provide a sharp, well-defined initiation
point for the study of the concurrent evolution of the surface area and
slip. Acoustic signals initiated by each front were used both to trigger
data storage and to suspend Fs for fixed periods (5-1,0005s) to study
the resulting contact rejuvenation. In Fig. 2a we present simultaneous
measurements of A(t) = A(X, 1) and 0(f) = 6(X, 1) at short timescales
within the 500 ps that bracket the passage of a detachment front at
point X. These measurements reveal three distinct dynamic phases:
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Figure 1| Rapid precursors to frictional motion enable the precise study of
local dynamics. a, Schematic diagram of the experimental system (see
Supplementary Information). A uniform normal load Fy is applied to two
PMMA blocks (base and top blocks). Shear force Fj is applied in the x
direction to the base block, which is mounted on a low-friction stage. Fs is
countered by a rigid stopper at the slider’s x = 0 edge. The real area of
contact A(x, t) throughout the contact plane is imaged at 4-pis intervals.
Simultaneous measurements of slip both at a distance X from the stopper
and at the top block’s leading edge were made. b, The non-spatially uniform
shear loading generates a sequence of rapid precursors before the onset of
overall motion, which initiate at x = 0 and arrest at successively larger
distances within the interface. The top panel shows A(x, t) normalized by
A(x, t = 80 s) taken before the first precursor. Hotter colours (reds) denote

detachment (phase 1), rapid slip (phase IT) and slow slip (phase III).
The entire net reduction of A(f) occurs in phase I, immediately upon
the passage of the detachment front (top panel of Fig. 2b).
Simultaneous measurements of () reveal that during this 20% drop
of A(1), no net slip takes place at all. As shown in the lower panel of
Fig. 2b, the drop in A(t) is always preceded by strong fluctuations of
d(t) of duration approximately 10 ps.

Only upon conclusion of the detachment phase does net slip in the
system initiate. In Fig. 2c we present a superposition of 16 different
experiments in which 6(#), normalized by the total slip of each event
Oor 18 plotted. The rough collapse of the data (where Jy, varies
between 4 pm and 20 pm) reveals generic dynamics. Two distinct slip
phases exist; a rapid slip phase (phase IT) that commences immediately
after detachment, followed by a slow slip phase (phase IIT). A number
of characteristic features are apparent in Fig. 2c. First, in both phases I1
and III, slip occurs at roughly constant slip velocities d, the values of
which differ by over an order of magnitude. Second, there is a char-
acteristic duration time for each phase and the transition between
them is sharp. The data collapse in Fig. 2¢ is due both to the existence
of this characteristic time and to a roughly constant proportion of the
total amount of slip within each phase. These features are independent
of the magnitude of J,,, the measurement location X, the relative
location between the front arrest point and X, details of loading and
the geometry of the blocks (see Supplementary Information).

Phase II is characterized by its high slip velocities, ranging from
5cms toover30cms !, with variations of A(#) that are an order of
magnitude smaller than those in phase I. The duration of this phase is
a surprisingly constant 60 ps. This timescale is evident from both the
transition point between phases II and I1I in Fig. 2c and the constant
value (60 * 6 ps) of the slope of the slip 6,,p,iq Versus the slip velocity
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increased A(x, t). Colder colours (blues) denote reduced A(x, t). Each
precursor significantly reduces A(x, t) along its length. The bottom panel
shows the corresponding loading curve Fs(f). On acoustic detection of each
precursor, the continuous increase of Fs in time is paused for 5-1,000-s
intervals. Slip, generated by each precursor at x = 0, gives rise to small sharp
drops in F that are detectable due to the compliance of the loading system.
Here, Fy = 6,000 N and s = 0.51, and the origin of # was the time at which Fg
was applied. ¢, Short-time measurements of A(x, t) (at 4-ys intervals) reveal
that each precursor is a detachment front propagating along the interface at
velocities v approaching the Rayleigh-wave speed cg = 1,280 ms ™ '. Here
vy=1,200 = 100 ms . The dotted line denotes the location X where slip d(¢)
was measured. Here, A(x, t) was normalized by its value at 1 ms before the
front’s passage.

Viapia in this phase, as presented in the top panel of Fig. 2d. We
observe these features at all locations traversed by rapid
(0.8 <v/cg < 1) detachment fronts. )

In phase III the slip is about 30% of . 0 is much slower (in the
range 0.1-2 cm s~ ') than in phase II, as shown in the bottom panel of
Fig. 2d. The slip duration, however, is much longer (typically 350 ps).
In this phase, A(#) is constant in time with fluctuations of less than 1%.

Phase IIT concludes with the cessation of slip. This point marks the
initiation of the contact rejuvenation and strengthening that are
generally associated with ‘ageing’ of 1is. Whereas the short-time (that
is, less than a millisecond) evolution of ug is nearly impossible to
measure directly, we can access the short-time evolution of frictional
strength by measuring the growth of A(?) from the time ¢ = #,, when
slip ceases. At large times ageing is logarithmic. This growth must,
however, be regularized at short times, because frictional strength is
finite at the onset of growth. How this regularization occurs is
unknown, because the short-time growth of neither us nor A(#) has
ever been measured. Both the short- and long-time asymptotic beha-
viours can, in general, be characterized by the functional form:
A(t) = A(tp) + blog[f(t/r)], where flt=1)=1 and f(1)=¢ for
t>> 1 (where o is any number), and 7 is a characteristic timescale that
renders t dimensionless. The simplest such function®"* is:
A(t) = A(ty)[1 + Plog(1 + (t— tp)/7)] (1)

In Fig. 3a we describe the evolution of A(f) over six orders of
magnitude of temporal scales. In this region of growth, denoted
phase IV, we observe logarithmic growth at long timescales.
Figure 3a demonstrates that equation (1) provides an excellent char-
acterization of A(f) over the entire measurement range and shows
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Figure 2 | The detachment process and the evolution of frictional slip.

a, Simultaneous measurements of the local dynamics of contact area

A(t) =A(X, t) (top panel) and slip 6(¢) = 6(X, t) (bottom panel) before,
during and after the passage of a precursor event. The measurements reveal
three distinct initial phases of the dynamics: detachment (phase I) at t =0,
rapid slip (phase II) and slow slip (phase III). Notice that, whereas A(t) drops
by 20% in phase I, it remains nearly constant within phases IT and III. b, The
detachment phase (top panel), is labelled as phase I. No net slip (bottom
panel) is observed before contact reduction. Nearly all reduction of A(#)
occurs within our 4-ps temporal resolution. The drop in A(#) is concurrent
with the conclusion of a short slip fluctuation. ¢, Normalizing 6(¢) by the
total slip in an event d,,, yields an approximate collapse of the slip history. 16

how A(#) is regularized for short timescales. We note that the growth
depicted in Fig. 3 does not simultaneously occur at every point along
the interface, but initiates locally at each point upon cessation of slip.

Any deviation from equation (1) would be expected at times when
0 < (t— ty)/r <10. In Fig. 3b, we plot A(¢) for a number of typical
experiments in this range. Remarkably, the data all collapse and no
systematic deviations from equation (1) are evident. The ageing rate
Bs of the static friction coefficient, g = s’ + fslog(1), is given by’
Ps = Pus. The average value derived from our experiments of
fs=0.009 £0.001 is compatible with measurements in bulk fric-
tional motion®'.

The timescale 7 in equation (1) characterizes the growth rate of A,
until (t — #y)/t > 1. What determines this scale? In Fig. 3c we plot the
value of 7 as a function of the slip velocity, 6 = Vo, in phase III,
which immediately preceded the onset of growth of A(t) at #,. We
find that 7 is inversely proportional to V.. A linear fit T = D/ Vy,,,
(see Fig. 3¢) yields D = 0.9 um, a value corresponding to the char-
acteristic size of the asperities in our experiments. We therefore
interpret t to be the effective contact time of the micro-contact
population at the onset of ageing.

We now consider the overall evolution of the system, as described
by phases I to IV. Two rough surfaces are ‘bound’ together by inter-
locking protrusions (asperities) from each surface. For any motion to
occur, these asperities must circumvent one another, either by frac-
ture, internal damage or deformation. Each process involves a sig-
nificant energy cost that should scale with A(x, ). Thus, the onset of
slip involves a ‘fracture energy’ I, defined as the energy per unit area
needed to detach two contact surfaces. In tensile fracture of PMMA,
I' is dominated by (irreversible) plastic deformation before bond
rupture. We assume that similar plastic deformation of interlocking
asperities is needed to enable motion.
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events are plotted. Rapid slip (phase II), at roughly constant velocity Vi,pids
initiates immediately upon the conclusion of the detachment phase. A sharp
transition (denoted by the red dashed line) to velocities an order of
magnitude lower Vy,,, is apparent (phase III). The approximate collapse
indicates that both the relative part of the slip and the duration of each phase
are approximately constant. d, The top panel shows the slope of the slip
during rapid phase d,,p;q as a function of the slip velocity V.4, revealing the
remarkably constant 60-pis duration of phase II. The bottom panel shows a
similar plot of the slip dqo,, as a function of its corresponding velocity Vo,
yielding a typical duration of 350 pis for phase III. Solid lines depict linear fits
to the data.

In phase I the ‘instantaneous’ drop of A(¢) indicates that the contact
fracture takes place within the short (about a microsecond) passage
time of a detachment front. This drop is immediately preceded by
strong fluctuations of 6(f) (see Fig. 2b), the magnitude of which
approaches asperity sizes. We therefore surmise that this is when
fracture occurs.

The heat I'A released by this rapid irreversible deformation is
deposited along the interface layer before the net slip. Such a rapid
heat injection will cause an ‘immediate’ large temperature increase
AT within the thin interface layer, akin to the large (AT = 1,000 °C)
temperature rises observed in the tensile fracture of PMMA®*. Any
increase beyond the glass temperature T, (~110 °C in PMMA'?) will
cause significant shear strength weakening until the heat generated by
fracture diffuses away from the interface region. An estimate of /" (see
Supplementary Information) yields cooling times compatible with
the observed 60 s duration of phase II.

An interface’s overall strength is determined by both the value of A
and the contacts’ shear strength. A does not vary significantly
between phases II and I1I, so the rapid slip in phase II clearly suggests
contact strength weakening. Although conceptually similar to fric-
tion reduction attributed”” to ‘flash heating’, fracture-generated
weakening requires no sustained net slip to reduce shear strength.
The thermally induced weakening here is sustained only for a finite
time before cooling occurs. Although our interpretations of phases II
and III are strictly relevant for glassy materials, it is interesting that
the form of the slip profiles and the velocities measured in phases II
and III resemble slip within granite blocks'®'"” during propagation of
rapid crack-like fronts. This may suggest a similar fracture-induced
weakening mechanism in brittle materials such as rock, where weak-
ening via the crushing of interlocking asperities could supplant the
thermal softening of PMMA.
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Figure 3 | Cessation of slip and interface ageing. a, A(?) is plotted over
six orders of magnitude of time, where ¢ = 0 marks the drop in A(#) within
phase L. The transition from the constant value of A(f) within phase III

to purely logarithmic ageing is described by the red line,

A(t)=A(to)[1 + Plog(1 + (t — ty)/7)], where t, is the time of slip arrest.
b, A high-resolution plot of [A(f) — A(t,)]/f as a function of the scaled time
(t — ty)/7 for three typical experiments with 7 = 310 ps (squares), 450 ps
(circles) and 470 ps (triangles). The excellent superposition indicates that all
are described by the same functional form. The function log[1+(t — #)/1]

In glasses, when the softened layer cools to below T, contact
strengthening will occur and the system will undergo a sharp transi-
tion to slow slip, precisely as observed in phase III. The local motion
in this phase may be analogous to large-scale frictional motion®’
governed by the contact dynamics of ‘rigid’ (unsoftened) micro-
contacts. Here, ‘collective’ heating due to fracture is absent, because
slip is accomplished by sporadic rupture of discrete, loosely coupled
contacts. The interface resembles a glassy system in which the state of
each contact is coupled only to that of its neighbours through the
residual shear stress that remained at the transition from phase II.

In phase IV equation (1) both shows how logarithmic ageing is
regularized and relates the early time growth rate 7 to the slip history
immediately before slip cessation. Precisely this behaviour was sug-
gested'® in recent interpretations of experiments describing granite
blocks sliding over a ground quartz (gouge) layer™. V,, is an ensemble
average over numerous micro-contacts, so 7 reflects the collective beha-
viour or ‘state’ of the entire ensemble. In our measurements, Vy,, and
thus 7 are spatially local, and suggest that the system’s state is a local
‘coarse-grained’ quantity that represents an ensemble average of the
contact population at each spatial location. It is significant that 7 is
determined by the slip rate in phase III. Thus, the overall dynamics of
ageing retains a memory of the system’s state at the arrest of slip.

These results provide fundamental new insights into how frictional
strength evolves throughout the slip—stick cycle. They suggest that a
mesoscopic description of friction that incorporates the spatial
dependence of the system’s state may be necessary when describing
dynamics at either the intermediate timescales within phases IIT and
IV, or in large spatially extended systems.
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