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Friction between two solid surfaces often exhibits strong rate and slip-history dependence, which
critically determines the dynamic stability of frictional sliding. Empirically, such an evolutional effect has
been captured by the rate-and-state friction (RSF) law based on laboratory-scale experiments; but its
applicability for generic sliding interfaces under different length scales remains unclear. In this Letter,
frictional aging, the key manifestation of the evolutional behavior, of silica-silica contacts is studied via
slide-hold-slide tests with apparent contact size spanning across 3 orders of magnitude. The experimental
results demonstrate a clear and strong length scale dependency in frictional aging characteristics. Assisted
by a multiasperity RSF model, we attribute the length scale effect to roughness-dependent true contact area
evolution as well as scale-dependent friction stress due to nonconcurrent slip.
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Friction of solids, including rock [1,2], rubber [3], metal
[4], and other materials [5–7], often exhibits strong sliding
velocity and slip-history dependence, which can be funda-
mentally traced down to the aging of contact interfaces
[8–12]. Such evolutional behavior is critical for understand-
ing the sliding instabilities of various frictional systems,
ranging fromnanoelectromechanical devices to natural faults
[7,13–18]. Empirically, friction evolution is described by the
rate-and-state friction (RSF) laws [1,2,19,20], where friction
coefficient is a function of slip velocity V and pheno-
menological state variable θ, i.e., μ ¼ μ0 þ a lnðV=V0Þ þ
b lnðV0θ=DcÞ. The second term, with prefactor a, depicts a
direct velocity dependency that is often assumed to stem
from thermal activation effect [16].While the third term,with
prefactorb, describes a slip-history dependency through state
variable θ that can evolve with slip according to the slip law
[2,20], e.g.,dθ=dt ¼ −ðVθ=DcÞ lnðVθ=DcÞ, or timeaccord-
ing to the slowness law [1], e.g., dθ=dt ¼ 1 − ðVθ=DcÞ.
Such phenomenological laws are based on the frictional
aging phenomenon, a key manifestation of the evolutional
behavior, where static friction is found to increase linearly
with a logarithm of hold timewhen a contact interface is held
stationary [1].
Although time-dependent variations in true contact area

and strength of interfacial bonds have been proposed to
account for the friction evolution [21–24], the key RSF
parameters still have to be determined by fitting laboratory-
scale experiments. For rock friction experiments, mostly
with sample size of 1–20 cm, the frictional aging parameter
b was found to lie between 0.001 and 0.015 [19,21]. A
recent study on frictional behavior of microscale Si devices
indicated that the magnitude of frictional aging might be
slightly larger (with b ∼ 0.024) [14]. Although the fric-
tional aging parameter was not explicitly extracted, friction

tests using atomic force microscope (AFM) by Li et al. [24]
suggested that the effect of frictional aging for nanometer-
scale contacts could be orders of magnitude stronger than
macroscale experiments. So far, RSF experiments were
typically conducted at a single length scale [1,19,25], so it
is not clear whether the RSF law fitted from that particular
scale works for frictional systems of other scales. This
question is essential if one wants to extrapolate the labo-
ratory-scale RSF law to various nanometer- or geo-scale
phenomena. To address this critical issue, frictional aging
behavior was explored via slide-hold-slide (SHS) tests for
silica-silica contacts with probe size ranging from nanometer
to millimeter scales. To make quantitative comparisons,
contacting materials, loading, and data extraction schemes
were kept consistent as much as possible. The experimental
results showed that the effect of frictional aging decreased in
orders of magnitude from nanometer-scale probe to milli-
meter-scale probe. By normalizing the frictional aging
parameter by the steady-state friction coefficient, we found
that the strong length scale effect might originate from size-
dependent friction shear stress, as qualitatively predicted by a
multiasperity RSF model.
The SHS experiments were conducted by sliding silica

probes or microspheres on oxidized silicon wafer substrates
on an AFM for nanometer- and micrometer-scale tests and
on a tribometer for millimeter-scale tests. The nanometer-
scale probes were made from commercial silicon AFM
probes thermally oxidized in pure oxygen. Silica micro-
spheres attached to tipless AFM cantilevers were used as
microscale probes. For millimeter-scale tests, silicon balls
with a nominal radius of 1 mm were thermally oxidized
with the same protocol and used in the tribometer. Before
each test, the surfaces of thermally oxidized silicon wafers
were cleaned with Piranha solution for 20 min and
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subsequently rinsed by deionized water and dried under
pure nitrogen flow (more details about sample preparation
can be found in Supplemental Material, Sec. I [26]).
As schematically illustrated in Fig. 1(a), the SHS test

was conducted as follows. Under a fixed external normal
load Fext

n , the spherical probe was first slid at a steady
velocity Vs, and then the velocity was reduced to zero; after
being held stationary for a period of time th, the probe was
reloaded and slid at the same velocity Vs. Figures 1(b)–1(d)
show the typical friction variations for SHS tests under a
same period of hold time (th ¼ 100 s) at three length
scales. It is clear that the relative frictional aging behavior,
represented by the frictional aging during stationary hold
relative to the steady-state friction, ðFpeak

f − Fss
f Þ=Fss

f ,
differs significantly from 282% and 218% at the nanometer
and micrometer scales, respectively, to 3% at the millimeter
scale. Meanwhile, the characteristic slip length Dc
increases by orders of magnitude when the probe size
changes from nanometer scale to millimeter scale (see more
details in Supplemental Material, Sec. II [26]).
To quantitatively study the frictional aging character-

istics in the classic RSF formulism, the measured friction
force needs to be converted to a friction coefficient. As
indicated by the typical experimental data shown in

SupplementalMaterial, Sec. IV [26], the steady-state friction
vs external normal load data for the experiments at the three
length scales all exhibit good linear relationship.However, as
the influence of adhesion is non-negligible, to avoid an ill-
posed definition of friction coefficient [33–35], wemeasured
adhesion force independently by finding the maximum
tensile force needed to pull the probe away from the
substrates. Then the measured pull-off forces (7.53 nN,
1.14 μN, and 0.88 mN for the nanometer-scale, microm-
eter-scale, and millimeter-scale probes, respectively) were
added to the external normal load to obtain the effective
normal load, i.e.,Fn ¼ Fext

n þ Fad
n . Consequently, static peak

friction coefficient μpeak, steady-state friction coefficient μss,
and aging coefficientΔμ can be defined asμpeak ¼ Fpeak

f =Fn,
μss ¼ Fss

f =Fn, and Δμ ¼ μpeak − μss, respectively. In this
way, the friction coefficients are independent of the normal
load within the load range we measured.
Figure 2 shows the variations of aging coefficient Δμ

with hold time th for SHS experiments at three length
scales. To make sure that the influence of wear on friction
measurements was minimum, the SHS experiments were
carried out by ramping up the hold time from 0.1 to 100 s
and then down to 0.1 s. Consistent with previous macro-
scopic SHS tests for quartz [1,19,21,36], the aging

FIG. 1. (a) A schematic showing the experimental setup of SHS tests: Probes at three different size scales, i.e., thermally oxidized
AFM tip, silica microsphere, and silica ball (left panel); lateral force and velocity profiles during SHS tests (right panel). Typical friction
evolution curves for (b) nanometer-scale, (c) micrometer-scale, and (d) macroscale tests. The friction curve is locally magnified in the
inset in (d) for the macroscale test. The fitted parameter Dc and fitted curves (represented by the dashed lines) are shown in (b)–(d).
Results in (b)–(d) were obtained in the following conditions: hold time th ¼ 100 s, sliding velocity Vs ¼ 3 μm=s, and RH ¼ 40%. The
external applied loads for the nanometer-scale, micrometer-scale, and millimeter-scale experiments were 11.32 nN, 293.66 nN, and 20
mN, respectively, and the resultant apparent contact radii were 6.2 nm, 46.3 nm, and 7.38 μm, respectively (see Supplemental Material,
Sec. III [26]).
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coefficient Δμ varies linearly with the logarithm of hold
time for all tests. However, it is obvious that the magnitude
of Δμ and the corresponding slope for nanoscale experi-
ments are more than one order of magnitude higher than
those for microscale experiments. A similar order-of-
magnitude difference also exists between the microscale
and the macroscale experimental results. We confirmed that
such a strong scale effect was reproducible regardless of
humidity (see Supplemental Material, Sec. V [26]).
Based on the SHS data, the evolution parameter of RSF

law, b, can be determined by finding the slope of the Δμ vs
ln th curve [36]. As shown by the column bars in Fig. 3(a),
the extracted values of b for silica-silica contacts vary
significantly from 0.9895 for the nanometer-scale tests to
0.0323 for the micrometer-scale tests and finally to 0.0015
for the millimeter-scale tests. This orders-of-magnitude
difference clearly demonstrates that the evolution param-
eter of RSF law is length-scale dependent even for
interfaces with identical mating materials.
Previously, Li and co-workers [37] found that higher local

pressure would lead to more prominent aging. To check
whether the difference in contact pressure can explain the
length-scale-dependent behavior observed in our experi-
ments, we compared the contact pressure of these experi-
ments. Based on an adhesive contact mechanics model [27],
the average apparent contact pressures for the nanoscale
AFM tip, microsphere, and millimeter-scale silica ball are
0.16, 0.21, and 0.12 GPa, respectively (see Supplemental
Material, Sec. III [26]). The apparent contact pressures are
about the same level. Moreover, if we further consider the
roughness of the microsphere and millimeter-scale silica
ball, the true contact pressure for microscale and millimeter-
scale tests might be even higher. However, in our experi-
ments, the frictional aging is the most significant for the
nanometer-scale AFM probes. Therefore, the length scale
effect in frictional aging observed in our experiments is
unlikely to be caused by the difference in contact pressure.

Recently, it has been shown that the aging effect can be
weakened due to premature perturbation if lateral loading
induces torque along the contact interface [38]. Among the
three experiments in this work, the nanoscale and micro-
scale tests are possibly affected by torque, since the AFM
cantilever uses a twist mode to sense friction. However, the
torque effect is minimized for millimeter-scale tests, as its
force sensor is designed with a double-beam configuration
to minimize torque. If torque plays a role in nanoscale and
microscale tests, the intrinsic frictional aging without
influence of torque would have been even stronger.
Therefore, the torque effect is also unlikely to account
for the length scale effect we observed in the experiments.
According to the Bowden and Tabor friction model,

adhesion-dominated friction is proportional to the true
contact area of the sliding interface, Atrue, by a scale factor
τ, known as the friction shear stress [21,28,39–42].
Therefore, the friction coefficient can be expressed as
μ ¼ Ff=Fn ¼ τ · ðAtrue=FnÞ. During the stationary hold
period, friction increases due to interface aging, which
may come from strengthening of interfacial bonds and,
thereby, enhanced friction shear stress [8,24,43–45] and/or
enlarged true contact area [21,22]. For silica-silica contacts,
previous experimental results [24] have suggested that the

FIG. 2. Variations of frictional aging coefficient with hold time
measured in nanometer-, micrometer-, and macroscale experi-
ments. Each data point is an average of five repeated tests. The
experimental conditions remain the same as those for Fig. 1.

FIG. 3. (a) b and b̃ extracted from the SHS experiments in
Fig. 2 at three length scales. (b) A schematic showing that the
friction coefficient can depend on friction shear stress and true
contact area-load relation, both of which can be scale dependent.
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enhancement in interfacial bonds might contribute domi-
nantly to the frictional aging. Since the contact pressures of
all the tests are much less than 6 GPa, the yield stress of
silica [46], we assume that the frictional aging in our
experiments was primarily attributed to interfacial bond
strengthening. Therefore, b can be expressed as

b ¼ ΔðμpeakÞ
Δðln thÞ

¼ ΔðτpeakÞ
Δðln thÞ

·
Atrue

Fn
; ð1Þ

where ΔðτpeakÞ is the increase in peak friction shear stress
per increase in logarithm of hold time Δðln thÞ. Based on
Eq. (1), the length scale dependence of b can certainly
originate from the term Atrue=Fn, because the Atrue ∼ Fn
relation would vary with surface morphology that is
intrinsically scale dependent [40,41,47,48]. For example,
for single-asperity contact, the Atrue ∼ Fn relation is sensi-
tive to the shape of the probe [29]. For rough multiasperity
contact, the true contact area is typically a small fraction of
the apparent contact area, which often scales linearly with
the normal load with a ratio determined by the character-
istics of interface roughness as illustrated in Fig. 3(b)
[40,41,47,48].
To further explore whether the length scale effect of

frictional aging also originates from friction shear stress,
we normalized b by the steady-state friction coefficient μss

so that the contribution from the Atrue ∼ Fn relation can be
eliminated. The normalized parameter b̃ is defined as

b̃ ¼ b
μss

¼ 1

τss
·
ΔðτpeakÞ
Δðln thÞ

; ð2Þ

where τss is the friction shear stress during steady-state
sliding. As shown by the star points in Fig. 3(a), b̃ also
changes substantially from nanometer to micrometer and to
millimeter scales, which suggests that different aging rates
of friction shear stress also contribute to the length scale
effect of b. It should be noted that the above normalization
is conducted under the assumption that the true contact area
of the sliding interface is constant at peak friction and in
steady-state sliding. Although the true contact area can be
reduced due to viscoelasticity and/or adhesion-induced
crack propagation [49], such area reduction was found
to be strongly dependent on the Young’s modulus of the
contacting materials. For soft materials, like rubber or
human skin, the area reduction behavior was prominent.
However, for hard materials like metals or glass, the area
reduction due to shear at the onset of slip is likely negligible
[49]. Considering the high stiffness of silica in our experi-
ments, the effect of area reduction is expected to be
minimum.
To better understand the length scale effect caused by

friction shear stress, a regularly patterned multiasperity
RSF model was constructed by considering the elastic
interaction among asperities [50]. As schematically shown

in Fig. 4(a), the sliding interface is formed between a rigid
plane and an elastic half space with regularly patterned
shallow columnar asperities with circular radius r and
uniform spacing d (see more details in Supplemental
Material, Sec. VI [26]). Based on the previous quasistatic
model [24], the new multiasperity RSF model explicitly
incorporates the RSF law to simulate the frictional aging
behavior with temporal evolution. It is assumed that the
frictional force of individual asperity contact follows the
RSF law upon lateral displacement, i.e.,

f ¼
�
μ0 þ aint ln

�
V
V0

�
þ bint ln

�
V0θ

Dint
c

��
· p; ð3Þ

where aint, bint, and Dint
c are the intrinsic RSF parameters

for individual asperity, V is the relative velocity between
the plane and the individual asperity, and p is the
compressive load on each asperity. The state variable θ
for individual asperity evolves according to

dθ
dt

¼ 1 − Vθ
Dint

c
: ð4Þ

In the multiasperity RSF model, the interface is first held
stationary for different periods of time after steady-state
sliding, then the interface is reloaded, and the evolution of
global friction and friction coefficient are calculated. To
study the size effect, the radius of the apparent contact area

FIG. 4. (a) A schematic showing the multiasperity RSF model.
(b) Frictional aging behavior of different simulation systems:
single asperity, 367 asperities (R̃ ¼ 100), and 5815 asperities
(R̃ ¼ 400). (c) Variations of friction aging coefficient with hold
time for different systems. The dashed lines are log-linear fits for
calculating parameter b. (d) Distribution of the normalized lateral
force f̃ ¼ f=ðEr2Þ at the moment of peak global friction for the
interface with R̃ ¼ 400. The parameters of the specific model are
given in Supplemental Material, Sec. VI [26].
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R, and thereby the number of asperities, is varied. The
interasperity elastic interaction is described by the Cerruti
solution from continuum mechanics [29] as described in
Supplemental Material, Sec. VI [26].
Figure 4(b) shows the evolutions of the global friction

coefficient in simulations of different sliding interfaces
containing a single asperity and multiple asperities (R̃ ¼ R=
r ¼ 100 and 400) (see more details in Supplemental
Material, Sec. VI [26]). For all simulation cases, the global
friction coefficient would reach a peak value upon reloading
and then evolve gradually to a steady-state value after a
certain slide distance, consistent with the experimental
observation. More importantly, the aging coefficient Δμ in
the simulations also increases linearly with logarithm of hold
time t̃h, as shown in Fig. 4(c), consistent with the exper-
imental observations. By fitting the slopes of the curves, the
global parameter b can be extracted. Although the intrinsic
parameter is set to be identical (bint ¼ 1.0) for individual
asperity in all systems, the global parameters b extracted
from the global behavior are 1.0, 0.6, and 0.3 for single
asperity, R̃ ¼ 100 and R̃ ¼ 400, respectively. The simulation
results indicate thatb gets smaller and smaller as the apparent
contact size increases, showing clear size dependence.
Moreover, further simulation results suggest that the length
scale effect revealed in the simulation is not sensitive to the
specific assumptions of the asperity size and pressure
distribution (see Supplemental Material, Sec. VII [26]).
Since the normal compressive load on each individual

asperity is identical in our RSF model, the size dependence
of b should come solely from global friction shear stress. To
better understand the state of the sliding interface, we
analyzed the lateral force distribution along the interface
during the reloading period. As shown in Fig. 4(d), when
the global friction reaches the peak value, the asperities
near the contact edge have slipped, while the asperities at
the center are still getting aged. This nonsynchronized slip
during reloading becomes more pronounced when the
apparent contact size increases (see Fig. S5(c) in
Supplemental Material, Sec. VI [26], for more details),
resulting in a weaker global aging effect.
In themultiasperity RSFmodel, the coupling between two

neighboring asperities is described by the Cerruti solution,
leading to a coupling compliance on the order of∼ðG · dÞ−1,
where G is the effective shear modulus of the contacting
materials (see Supplemental Material, Sec. VI [26]), while
the contact compliance of an individual asperity with a
shallow profile is on the order of ∼ðG · rÞ−1. Analogous to
the normal contact behavior of a regularly patterned multi-
asperity interface [50], themechanical couplingof the system
is determined by a nondimensional parameter λ∼d2=ðr · RÞ,
where a larger λ value represents weaker mechanical cou-
pling. When asperities are sparsely distributed or weakly
connected, or when asperities are tall with a relatively high
aspect ratio, the mechanical coupling is small and the length
scale effect would be weak. In contrast, for an interface with

strong interasperity coupling, the systembehavesmuch like a
smooth contact, and the length scale effect would become
stronger. In this case, the level of frictional aging decays asR
increases. However, this decay will not go infinitely; instead,
it will converge to a steady value due to multidislocation
mediated slip when the contact reaches a critical size [51].
This critical size should be determined by the “effective
Peierls stress” of the rough rock interface, whose value will
depend on the mechanical properties of the rocks and
interface roughness. A more systematic study on this
particular aspect may help explain why parameter b in
macroscopic friction experiments of rock materials mostly
lies between 0.001 and 0.015 [19,21,25], instead of
approaching 0 as predicted by our idealized model.
In conclusion, frictional aging experiments with apparent

contact size spanning across 3 orders of magnitude have
provided direct experimental evidence that there exists a
strong length scale effect in frictional aging of silica-silica
contacts. Theoretical analysis suggests that such a pro-
nounced length scale effect originates both from the
roughness-dependent true contact area-load relation and
scale-dependent friction shear stress. The latter mechanism
can be explained by considering the nonsynchronized slip
behavior in a multiasperity RSF model. The scaling effect
of frictional aging deepens our understandings of the
universality of the widely used RSF laws and enables
more physically meaningful predictions from these empiri-
cal models.
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