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Frictional ageing from interfacial bonding and the
origins of rate and state friction
Qunyang Li1{, Terry E. Tullis2, David Goldsby2 & Robert W. Carpick1

Earthquakes have long been recognized as being the result of stick–
slip frictional instabilities1,2. Over the past few decades, laboratory
studies of rock friction have elucidated many aspects of tectonic
fault zone processes and earthquake phenomena3–5. Typically, the
static friction of rocks grows logarithmically with time when they
are held in stationary contact6, but the mechanism responsible for
this strengthening is not understood. This time-dependent
increase of frictional strength, or frictional ageing, is one mani-
festation of the ‘evolution effect’ in rate and state friction theory5.
A prevailing view is that the time dependence of rock friction
results from increases in contact area caused by creep of contacting
asperities7,8. Here we present the results of atomic force microscopy
experiments that instead show that frictional ageing arises from
the formation of interfacial chemical bonds, and the large mag-
nitude of ageing at the nanometre scale is quantitatively consistent
with what is required to explain observations in macroscopic rock
friction experiments. The relative magnitude of the evolution
effect compared with that of the ‘direct effect’—the dependence
of friction on instantaneous changes in slip velocity—determine
whether unstable slip, leading to earthquakes, is possible9,10.
Understanding the mechanism underlying the evolution effect
would enable us to formulate physically based frictional constitu-
tive laws, rather than the current empirically based ‘laws’11,12,
allowing more confident extrapolation to natural faults.

Frictional ageing has been attributed to increases in contact area
caused by asperity creep (contact ‘quantity’) as well as to time-dependent
strengthening of bonding at asperity contacts (contact ‘quality’).
Evidence exists to support both interpretations. By measuring the
amount of light transmitted across rough Lucite plastic surfaces in con-
tact, and rough soda-lime glass surfaces in contact, Dieterich and Kilgore8

observed gradual increases in the sizes of illuminated microscopic con-
tacts over time. Experiments on a silicate rock (quartzite) have demon-
strated that frictional ageing is suppressed by drying the samples and
conducting friction experiments in a water-free environment7. Because
creep is inhibited in experiments on silicate minerals like quartz at high
temperature in the absence of water (that is, in the absence of hydrolytic
weakening13), these observations are consistent with the hypothesis that
static friction increases with changes in contact area caused by asperity
creep14. However, frictional ageing may also result from strengthening of
chemical bonding at the interface over time. Chemical bonding could be
enhanced by time-dependent desorption of contamination films15 that
may include water, or through chemically assisted mechanisms (such
as hydrogen bonding or siloxane bridging)16–18 that can be aided by
water and also affected by the contact stresses.

Devising experiments to understand the contribution of each mech-
anism to ageing is exceedingly difficult, because the buried frictional
interface is not readily accessible and involves myriad microscopic
asperity contacts with a range of sizes down to the nanoscale19,20.
Here, we investigate the ageing behaviour of a single nanoscale contact
to isolate the physical origins of the ageing process and provide new
perspectives on the empirical rate- and state-dependent friction laws.

We conducted single-asperity slide–hold–slide (SA-SHS) friction
experiments between nanoscopically sharp oxidized silicon tips and
oxidized silicon wafers using an atomic force microscope (AFM); these
tests are analogous to similar slide–hold–slide tests on rocks3,6. The use
of amorphous SiO2 (silica) to investigate the behaviour of rocks com-
posed of silicate minerals is reasonable, because silica glass and rocks
behave similarly in friction experiments on rough surfaces21.

Figure 1 shows an example of SA-SHS measurements performed at
60% relative humidity (RH). Similar to slide–hold–slide experiments
on rocks3,6, the static friction force is larger than the steady-state sliding
friction force by an amount DF, called the friction drop, that grows
linearly with the logarithm of the hold time (inset to Fig. 1). Similar
trends are obtained at other humidities. The linear dependence of DF
on the logarithm of hold time is consistent with observations from
friction experiments on macroscopic rocks and other materials6,16, but
the magnitude observed here is far larger. The ratio between DF and
the steady-state friction Fss (DF/Fss), which we call the ‘relative friction
drop’, ranges from 0.5 to 5 over the range of humidity studied for 100-s
hold times, compared to less than 0.05 for a 100-s hold time observed
for macroscopic quartz rock samples16. This unusually large ageing
effect is reproducible for all the SA-SHS experiments, with more than
five distinct silica–silica pairs tested.

The much larger ageing of the relative friction drop at the nanoscale
than at the macroscale suggests that frictional ageing may be a length-
scale-dependent phenomenon influenced by the multi-asperity
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Figure 1 | Lateral force versus nominal lateral displacement data for typical
SA-SHS tests after stationary holds at 60% RH. Upon lateral displacement,
the tip sticks to the substrate, resulting in linear, elastic lateral loading of the
AFM cantilever (Supplementary Figs 1 and 2). When the lateral force exceeds
static friction, the tip slips forward, indicated by abrupt drops in lateral force
(DF), followed by subsequent sliding at the steady-state friction force (Fss). In
the inset DF varies linearly with the logarithm of hold time. The dotted line is a
linear fit of the averaged values.
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character of rough surfaces. To test this hypothesis, we construct a
simplified mechanics model to predict friction as a function of nominal
contact size for a fixed number of discrete asperities per unit area
(Fig. 2). Comparing a small (19 asperities) and large (1,459 asperities)
nominal contact area, with the same individual asperity (i) relative
friction drop (DFi=Fi

ss~1), the total macroscopic relative friction drop
(DFtotal=Ftotal

ss ) values are very different: 0.81 for the smaller nominal
contact and 0.15 for the larger nominal contact. The behaviour can be
understood as follows. Owing to elastic interactions between asperities
through the substrate, the asperities do not experience the same shear
stress and thus do not slide simultaneously; the shear stress rises from
the contact centre outward, until slip occurs. For sufficiently small
nominal contact areas, asperities slide nearly at the same time, so
macroscopic ageing is similar to individual asperity ageing. However,
for larger nominal contacts, only a small fraction of asperities experi-
ence the peak forces at any given time: those in the outermost annulus
have slid and thus relaxed the peak stress to the much lower steady-
state sliding value, thus providing little extra resistance, whereas those
in the centre have not yet been stressed to the peak shear stress, thus
providing little contribution to the measured friction force. Therefore,
only a small internal annulus of asperities exhibit the peak shear stress,
and henceDFtotal=Ftotal

ss of a nominally micrometre-sized contact inter-
face that has nanoscale asperities will be less than 10% of the corres-
ponding values for the single asperities.

Although the model is highly idealized, it demonstrates a general
behaviour: larger nominal contacts will generally have a much lower
macroscopic ageing effect than that measured for individual asperities
within the nominal contact area regardless of the specific mechanism(s)
for ageing. This can account for the different magnitudes of frictional
ageing seen in rock friction experiments on rough surfaces6,16 and in the
single-asperity experiments. This scale dependence is somewhat ana-
logous to that observed for adhesion: small objects adhere to surfaces
far more strongly (relative to their weight) than macroscopic objects,
owing to the numerous asperities on rough surfaces of large objects22.

Although the unusually large ageing effect at the single-asperity level
revealed by our experiments is required to explain the frictional ageing
observed in friction experiments on rough macroscopic rock surfaces,
the results presented thus far do not identify the underlying cause of
this large ageing effect. In the present SA-SHS experiments, we found
that ageing can depend critically on the chemical state of the AFM tip
(Fig. 3). We found that frictional ageing was substantially but reversibly
suppressed when the AFM tip was pulled out of contact and exposed to
the humid environment before undergoing an SA-SHS test; ageing
could be revitalized by sliding the tip across the substrate for some
cumulative run-in sliding distance (and by not breaking contact imme-
diately before an SA-SHS test). While the tip is out of contact, the tip is
susceptible to adsorption of gaseous species, including organics (well
known to reduce the surface energy of silica surfaces)23, whereas during
scanning of the tip on the substrate, such adsorption is suppressed and
adsorbates can be removed. This clearly indicates that plastic deforma-
tion of the tip is not involved in the frictional ageing observed in the
SA-SHS tests, given that lifting up and sliding the tip would not influ-
ence plastic deformation of the tip in such a reversible manner.

The surfaces of oxidized silicon samples cleaned with Piranha solu-
tion (5:1 concentrated sulphuric acid to 30% hydrogen peroxide solu-
tion) are highly hydroxylated24,25. In a humid environment, hydrogen
bonding can arise between two hydroxylated silica surfaces17,18,25,
which, together with van der Waals and capillary interactions, will
increase the overall interfacial adhesion and friction. Furthermore, at
raised temperatures the silanol (Si–OH) groups from opposing sides of
contacting surfaces can react to form stronger siloxane (Si–O–Si)
bonds17,25. At room temperature (typically 23 uC), with applied load
and sufficient time, the reaction may also proceed17, but the kinetics
have yet to be studied in detail. Capillary interactions are unlikely to be
a dominant mechanism because of the persistence of ageing at humidities
below 1% RH (see Supplementary Fig. 5). Therefore, we hypothesize that
frictional ageing is caused by hydrogen or siloxane bond formation
across the interface.

To test this hypothesis, we performed another set of SA-SHS tests
by sliding a silica tip over two chemically inert surfaces: hydrogen-
terminated diamond, and graphite. The diamond sample is grown by
chemical vapour deposition (typical grain size ,1mm) and subse-
quently exposed to atomic hydrogen using an established method26

that produces a highly uniform, nearly oxygen-free, monohydride
surface before the friction experiment. The graphite surface was pre-
pared by freshly cleaving a bulk highly ordered pyrolytic graphite
sample. Interfacial bonding is not expected between silica and either
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Figure 2 | The quasi-static discrete asperity model. a, An interface between a
rigid top surface and an elastic half space with a circular nominal contact area
encompassing identical close-packed circular asperities at fixed spacing (small
circles), all with maximum static friction force Fmax (with DFi=Fi

ss 5 1). Upon
lateral loading by Ftotal, asperities are uniformly elastically strained up to their
maximum static friction, whereupon they slip (see Supplementary
Information). The shear force distributions at the peak frictional force for 19
(b) and 1,459 (c) asperities result in macroscopic relative static friction
(DFtotal=Ftotal

ss ) that is high (0.81) for a but much lower (0.15) for c.
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Figure 3 | Normalized friction–displacement curves from three sequential
SA-SHS tests. a, Typical, strong ageing is seen immediately after a first run-in
scan (cumulative displacement of ,1 mm); DF/Fss 5 1.5. b, Ageing is
substantially suppressed after 30 min of exposure of the tip to the humid
environment, out of contact with the sample, followed immediately by the SA-
SHS test shown;DF/Fss 5 0.5. c, Large ageing returned to the original value after
sliding for another run-in scan; DF/Fss 5 1.5. All tests used a 100-s hold time at
40% RH, with a negative lateral hold force (see Supplementary Information).
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H-terminated diamond or graphite. The normalized friction versus
displacement plots from SA-SHS tests (100-s hold time) are shown
in Fig. 4 and compared with data from the oxidized silicon surface. In
contrast to the significant frictional ageing (static friction increases by
a factor of six compared to the steady-state friction) for the silica–silica
surface, the silica–diamond interface and the silica–graphite interface
show little to no ageing. Contact stresses are estimated to be about
0.2 GPa, 0.4 GPa and 1.5 GPa for silica–silica, silica–graphite and
silica–diamond contacts respectively (see Supplementary Fig. 8). If
plastic creep occurs for the silica–silica contact, we would also expect
it in the tip for all of the systems, leading to a similarly high degree of
ageing (perhaps even more for the silica–diamond contact where the
contact stresses were largest). However, given the indentation hardness
of amorphous silica of approximately 12 GPa (ref. 27), we would not
expect plastic creep in the tip for any of these material pairs at the
normal stresses involved. Given both this expectation and the results
shown in Figs 1, 3 and 4, our experiments clearly demonstrate that the
frictional ageing effect in SA-SHS tests does not primarily arise from
plastic creep, but from changes in bonding arising from surface
chemical processes.

In conclusion, we find that frictional strength for AFM tips of silica
sliding on a silica substrate increases linearly as a function of the
logarithm of contact time, in the same fashion as the frictional
strengths of silicate minerals in macroscopic friction experiments.
However, the magnitude of the ageing effect for the nanoscale single-
asperity contacts is much larger than for macroscopic multi-asperity
rock friction experiments. We demonstrate that this difference should
be expected given the scales and single- versus multi-asperity geometries
of the two cases regardless of the specific mechanisms for ageing. At the
nanometre scale and at relatively low contact stresses, frictional ageing
cannot be explained by increases in contact area due to plastic creep.
Rather, it is associated with changes in chemical bonding as demon-
strated by the dependence of ageing on the identity of the samples that
are in contact with the AFM tips, and the reversible suppression of
ageing by removing the tip from otherwise continuous contact with
the sample. This reduction of ageing due to exposure of the interface
to ambient conditions may contribute partially to the low frictional
ageing observed in macroscopic rock friction experiments. In such
experiments, both contacting surfaces are usually rough and the local
asperities can be exposed to water or other contaminants intermittently
during sliding. However, this effect alone is insufficient to account
for the very large difference in ageing we observe; variations in
relative frictional ageing before and after breaking the contact within
our experiment is typically between 0.5–5, whereas the difference

between our results and macroscopic experiments is two orders of
magnitude.

The magnitude of ageing from these chemical-bonding effects is
large enough to account for the evolution effect in rate and state
friction without a time-dependent increase in contact area. Whether
the primary cause of frictional ageing in macroscopic friction experi-
ments is an increase in the quantity and strength of chemical bonding
or an increase in contact area due to plastic creep is unresolved by our
data. However, we have demonstrated that chemical bonding is a
viable explanation, although we have not determined the specific
chemical mechanism that leads to such a slow, logarithmic ageing.
The logarithmic behaviour demonstrates that the rate of reaction is
slowing down as a function of time. Further experimental and theor-
etical studies are needed to address the mechanism(s) that account for
this.

METHODS SUMMARY
Experiments were conducted by sliding silica AFM tips over silica surfaces using
friction force microscopy (see Methods and Supplementary Fig. 1). The probes
and substrate are processed by heating silicon probes and Si(100) wafers in pure
oxygen to form oxides 100 nm and 400 nm thick respectively. The substrates were
cleaned with Piranha solution, rinsed with de-ionized water, dried under pure
nitrogen flow, then rapidly inserted into the AFM. The substrates have a typical
root-mean-square roughness of ,0.2 nm within a 0.5mm 3 0.5mm area, accord-
ing to the AFM. Normal and lateral force constants of the probes were calibrated
using Sader’s method28 and a diamagnetic lateral force calibrator29 respectively. All
measurements are carried out in a sealed chamber with RH varied from ,1% to
80%. The system was equilibrated for at least 4 h after each humidity change to
reduce thermal positional drift, which is particularly important when long hold
times are used. The remaining drift may contribute to the increased scatter seen at
longer hold times. This increased scatter may also be due to higher sensitivity of
the interfacial strength to any inhomogeneities at the interface. RH was monitored
by a hygrometer (uncertainty 61.5% RH). A typical friction experiment is per-
formed by first making contact between the tip and substrate, then sliding for an
initial run-in distance. Then, without breaking contact, a slide–hold–slide procedure
is used in which the tip is slid for a prescribed distance (typically ,400 nm), then
held stationary for a time thold, and then lateral displacement is resumed. Constant
normal load is imposed by a feedback loop. Four different hold times, in an altern-
ating sequence of 0.1 s, 100 s, 1 s and 10 s, are used. The lateral force during the
stationary hold was maintained at either a positive or negative value (see Methods,
Supplementary Figs 2, 6 and 7 and associated discussion).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Friction force microscopy. Friction force microscopy was conducted using an
RHK UHV350 AFM. A schematic of the setup of a friction force microscope is
shown in Supplementary Fig. 1. The microscope consists of a sharp tip in contact
with the surface of the sample. The tip is integrated with the end of a micro-
fabricated cantilever that deforms in response to normal and lateral (friction)
forces arising from the contacting interface. Deformation of the cantilever is
measured with an optical system consisting of a laser and a quadrant photo
detector. For frictional sliding, the back end of the cantilever is displaced relative
to the sample along the indicated scan direction. Because of the extremely small tip
radius, the lateral size of the contacting interface is usually a few to tens of nano-
metres, which provides an ideal single-asperity contact. During a friction experi-
ment, the relative lateral displacement between the sample and the holder is
increased at a constant rate and the resulting lateral force is measured while the
normal load is maintained constant via an active feedback loop.

Normal and lateral force constants of the probes were calibrated using Sader’s
method28 and a diamagnetic lateral force calibrator29 respectively. All measure-
ments were carried out in a sealed chamber with RH varied by bubbling pure dry
nitrogen vapour from a liquid nitrogen dewar through water (or pure nitrogen, for
measurements quoted at ,1% RH). The system was equilibrated for at least 4 h
after each humidity change. RH was monitored by a hygrometer (uncertainty
61.5% RH).
Sample preparation. The probes and substrate were processed by heating silicon
probes (CSC37 Mikromasch) and Si(100) wafers in pure oxygen for 150 min and
300 min, respectively, to form oxides 100 nm and 400 nm thick (determined by
ellipsometry), respectively. The substrates were cleaned with Piranha solution,
rinsed with de-ionized water, dried under pure nitrogen flow, then rapidly inserted

into the AFM. The substrates have a typical root-mean-square roughness of about
0.2 nm within 0.5mm 3 0.5mm area as measured by an AFM.

The hydrogen-terminated diamond sample was grown by chemical vapour
deposition (typical grain size ,1mm) and subsequently exposed to atomic hydro-
gen using an established method26. The graphite surface was prepared by freshly
cleaving bulk highly ordered pyrolytic graphite.
SA-SHS experiments. A typical friction experiment is performed by first making
contact between the tip and substrate, then sliding for an initial run-in distance
(typically ,1 mm, in successive 1-mm back-and-forth lateral displacements).
Then, without breaking contact, a slide–hold–slide procedure was used in which
the tip is slid for a prescribed distance (typically ,400 nm), then held stationary
for a time thold, and then lateral displacement is resumed. Constant normal load is
imposed by a feedback loop. Four different hold times, in an alternating sequence
of 0.1 s, 100 s, 1 s and 10 s, were used.

Two protocols are used as shown by the schematics in Supplementary Fig. 2.
Supplementary Fig. 2a shows the positive lateral hold force protocol. The tip is slid
for an initial distance (a[1], a[2]), then held stationary for a time thold without
changing the lateral force (a[3]). Sliding is then reinitiated in the same direction by
ramping up the lateral force (a[4]). Supplementary Fig. 2b shows the negative
lateral hold force protocol. The tip is slid for an initial distance (b[1]), and then
held stationary for a time thold without changing the lateral force (b[2]). Sliding is
then reinitiated in the opposite direction by ramping up the lateral force (b[3],
b[4]). The lateral force during the hold is ‘positive’ and usually very close to the
steady-state friction value for the positive lateral hold force protocol, and is ‘nega-
tive’ and very close to the steady-state friction level for the negative lateral hold
force protocol. The results shown in the main text are obtained using the positive
hold force protocol; the results from the negative hold force protocol are given in
Supplementary Figs 6 and 7 for comparison.
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