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Abstract:

Rate and state friction (RSF) laws are widely-used empirical relationships that describe the
macroscale frictional behavior of a broad range of materials, including rocks found in the
seismogenic zone of the Earth's crust. A fundamental aspect of the RSF laws is frictional
"ageing", where friction increases with the time of stationary contact due to asperity creep
and/or interfacial strengthening. Recent atomic force microscope (AFM) experiments and
simulations found that nanoscale silica contacts exhibit ageing due to the progressive
formation of interfacial chemical bonds. The role of normal load (and thus, normal stress) on
this interfacial chemical bond-induced (ICBI) friction is predicted to be significant but has
not been examined experimentally. Here, we show using AFM that for nanoscale ICBI
friction of silica-silica interfaces, ageing (the difference between the maximum static friction
and the kinetic friction), increases approximately linearly with the product of the normal load
and the log of the hold time. This behavior is attributed to the approximately linear
dependence of contact area on load in the positive load regime before significant wear occurs,
as inferred from sliding friction measurements. This implies that the average pressure, and
thus the average bond formation rate, is load-independent within the accessible load range.
We also consider a more accurate nonlinear model for the contact area, from which we
extract the activation volume and the average stress-free energy barrier to the ageing process.
Our work provides an approach for studying the load and time dependence of contact ageing
at the nanoscale, and further establishes RSF laws for nanoscale asperity contacts.

Main text:
Friction is important in a wide range of technological, industrial, biological, and natural

systems [1-3]. One of the most general approaches describing macroscale friction is the rate
and state friction (RSF) formalism [4-10]. Often deemed a "law", RSF laws are actually



empirical and lack a robust physical basis. In spite of this, RSF laws fit friction data for a
remarkably wide range of materials including paper [11], organic monolayer-coated
microelectromechanical systems [1-3], and granular media and rocks [4, 6, 8, 11-14].

The RSF laws include an evolution effect where the contact behavior evolves with time. This
leads to the static friction force increasing logarithmically with hold time. This manifestation
of the evolution effect, known as ageing, has been observed for many macroscale
experiments for hold times from 0.1 to 10° s [4, 5, 8, 15]. Two ageing mechanisms have been
proposed. The first is an increase in real contact area (to which friction is proportional [16,
17]) with time, due to plastic creep, referred to as "contact quantity". The second is due to the
formation of chemical bonds across the interface, causing an increase in friction, without
change in the contact area, referred to as "contact quality". At the macroscale, many
mechanisms may contribute to friction simultaneously, making it difficult to deconvolve their
effects. This is one reason why macroscopic RSF laws remains largely empirical.

To isolate the physical mechanisms that underpin RSF laws, Li et al. performed single
asperity slide-hold-slide (SHS) experiments for single asperity silica-silica nanocontacts
using atomic force microscope (AFM). In these tests, which mimic macroscopic SHS tests on
rock samples, the AFM tip, after sliding on the substrate, is then held still for some time, and
then it slides again. An amorphous silica tip and substrate were used because silicate minerals
dominate the lithology of crustal rocks, and have similar frictional behavior as amorphous
silica [18, 19]. Static aging was observed without plastic deformation [19], excluding creep.
They observed a logarithmic increase of the friction drop AF (the difference between the
static friction force after holding, and the subsequent kinetic friction force) with hold times
from 0.1 to 100 s. They proposed that ageing was due to interfacial chemical bond formation,
which was supported by the fact that no ageing occurred when contacts were made under
similar or even more severe conditions between silica tips and surfaces resistant to covalent
bond formation with silica, namely diamond and graphite. Liu and Szlufarska's subsequent
first-principles calculations showed that covalent interfacial siloxane (Si-O-Si) bridges indeed
form at silica-silica interfaces under similar conditions [20].

Of the multiple ways covalent bonds can form between silica surfaces [21], the nanoscale
studies proposed interfacial siloxane bond (Si-O-Si) formation. This assumes that the silica
surfaces are highly hydroxylated and thus hydrophilic. Indeed, the samples were treated with
piranha solution [19], and the experiments conducted in a significant partial pressure of water
which will quickly hydroxylate any dangling bonds. In this situation, two silanol (Si-OH)
groups from opposing surfaces react to form a siloxane bond:

Si-OH + Si-OH - Si-O-Si + H,0.

Using kinetic Monte Carlo simulations, Liu and Szlufarska also showed that the logarithmic
regime of the dependence of the number of bonds on time could span the time scale
comparable to the experiments. The existence of a regime of logarithmic dependence was
shown to arise from the kinetics of interfacial reactions and the extent of this regime was
found to be significantly affected by elastic strain-induced interactions that inhibit bond
formation near existing bonds. Li et al. showed using molecular dynamics simulations that
the friction force is approximately proportional to the number of siloxane bonds [22],
providing a plausible explanation for the observed frictional ageing. These results provide the
first asperity-level understanding of the interfacial chemical bond-induced (ICBI) friction for
silica-silica interfaces.



Since the kinetic friction is not affected by ageing, it can be treated as a constant. Therefore,
the static friction force studied by Liu and Szlufarska [20] and the friction drop studied by Li
et al. [19] differ only by a constant offset (the kinetic friction force). Here, we use the friction
drop to describe ageing.

The simulations of Li et al. also studied the effect of load on the static friction of a flat-on-flat
silica-silica contact in the tensile regime, and found that the maximum static friction is
proportional to the normal pressure (equivalent to the normal force, due to the nominally flat
geometry) for a given number of interfacial siloxane bonds at low temperature [22]. To
determine if a similar effect occurs in AFM experiments, to further test if siloxane bridge
mechanism occurs, and to further investigate nanoscale RSF behavior, we studied ageing vs.
normal load using piranha-treated (i.e. hydroxylated) silica substrates.

Si AFM tips and Si(001) wafers were thermally oxidized, and the wafers hydroxylated using
piranha solution prior to experiments, which were conducted under controlled relative
humidity at 1 atm in nitrogen gas.

The friction drop AF was measured and plotted vs. log f01q (Where #,014 1S the hold time) for
applied normal loads from the lowest load where stable measurements could be conducted to
the highest load that could be reached in our instrument. From the same data, AF vs. normal
load for each of the hold times #,01q Was plotted (Fig. 1). The approximate linear relation
between AF and log #014 exists for loads from 20 to 400 nN (Fig. 1(a)), with a slope that
increases approximately linearly with load (Fig. 1(b)) (small deviations from linearity are
seen at the shortest hold time of 0.1 s, in agreement with Liu and Szlufarska [20];
experiments are currently underway at even shorter hold times to investigate this and will be
discussed in a separate publication). Correspondingly, for each value of #,014, AF increases
approximately linearly with load (Fig. 1(c)), with a slope that increases approximately
linearly with log #ho1q (Fig. 1(d)). For simplicity, henceforth we replace #,01q with t. The slopes
from Figs. 1(b) and 1(d) are comparable; they are 0.530 and 0.425, respectively. We
demonstrate in SM 2 that the linearity in Figs. 1(b) and 1(d) and the slopes of the linear
fittings in those two figures being comparable are expected, due to the simultaneous linearity
of the friction drop vs. load (Fig. 1(a)) and friction vs log ¢ (Fig. 1(c)). The linearity in Figs.
1(a) and 1(c) also implies that the functional dependence of AF on log (t) and on load L
should be (see SM 2 for the derivation)

AF(L,log(t)) =h-(L+k)-(og(t) +m)+q@  coveveereeeeeen, (1)
where h, k, m, q are constants.

To develop the physical basis underlying the empirical relationship in Eq. (1), we start by
assuming that the reaction energy barriers for the aging process are uniformly distributed
over the range of [0, G], where 0 corresponds to a barrierless reaction and G is the uppermost
energy barrier, as done in [20, 22]. Limitations of this assumption are discussed further
below. This allows us to derive a simple analytical formula that describes the reaction
kinetics of siloxane bond formation (based on section S5 of [20], and the details are in SM 8)

P(t) = g- ksT(2.3log(t) — 2.310g(7y) + 0.58)  eooovoscss
(2)



where P(t) is the number of reaction sites where siloxane bonds have formed, kg is
Boltzmann's constant, T is temperature, ¢ is the hold time, N is the number of available
reaction sites at the beginning, and 7, is the time constant for siloxane bond formation.

Liu and Szlufarska considered P(t) to be proportional to the static friction force, consistent
with previous experiments [23] and supported by simulations [22, 24]. We further assume
that the maximum force that can be supported by each interfacial bond is equal to the
breaking force of a siloxane bond f;. Thus, AF = f; - P(t). According to [25], fu = 1.5 nN.

We also assume that N = pS, where p is the number density of initial available reaction sites
and § is the contact area. To apply Eq. (2) to the experimental data (Fig. 1), we need to
establish a relationship between contact area S and load L, and determine how the uppermost
energy barrier G depends on L.

According to the Derjaguin-Miiller-Toporov (DMT) model, the contact area S =
2
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stress-activated kinetics from transition state theory, we take the uppermost energy barrier
when stress is applied to be ¢ = G, — aV,, [26-28], where G, is the uppermost energy barrier
when the contact is stress-free, and V}, is the activation volume. Thus, Eq. (2) becomes:
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To obtain a simpler expression and extract the desired parameters, we apply two different
linear approximations. For the first stage of linearization, we assume that the effect of stress
on the uppermost activation barrier G is small, which is consistent with the small activation
volume determined later. Assuming G is constant, Eq. (3) becomes

2
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This equation has a convenient form as it allows us to extract L, = 253 nN and 7, = 0.033 s
from the data in Fig. 1 by tuning L, and 7, so that all the data points in Figs. 1(a) and 1(c)
converge as closely as possible onto a single master curve (see SM 3). The value of 7, =
0.033 s (1og(0.033) = —1.48) is larger than the expected atomic vibration period ~10713 s
(log(10713) = —13). We attribute this discrepancy to the assumption of a uniform
distribution of reaction energy barrier in the current analysis. We checked this by performing
kinetic Monte Carlo (kMC) simulations (similar to those reported in [20]), which assumed a
more realistic, nonuniform distribution of energy barriers and considered variable bond
strength. These simulations showed that the time span over which the dependence of friction
on log of hold time is linear is consistent with our experimental results. The details of the
extraction of Ly and 74, the simulation, and related discussions are provided in SM 3.



With these values of Ly and 7, in hand, we then use Eq. (3) to fit the data in Fig. 1(c) to
obtain G, and V,,. We already have f, = 1.5 nN [25], kzT = 4.1 X 1072!], R = 130 nm,

E; = 35.3 GPa, p = 4/nm? [20], T, = 0.033 s, and L, = 253 nN. For a given value of hold
time t, AF is thus a function of L, with only two unknown parameters G, and V. We fit the
friction drop vs. load data for different hold times in Fig. 1(c) using Eq. (3). Fort = 0.1 s, we
obtain G, = (1.06 + 0.21) eV, V, = (78 + 28) A3, both of which are physically reasonable
values for a chemical bonding mechanism [20, 26]. For comparison, Liu and Szlufarska
found from DFT that the typical energy barrier values for siloxane bridging range between
0.5 eV and 1.4 eV [20]. The fitting curve is shown in Fig. 2. The quality of the fit is not as
good for other hold times; all details are presented in SM 11.

For the second stage of linearization, we perform Taylor expansion of Eq. (4) around L = 0.
This is equivalent to assuming that the contact area varies linearly with load L. Such an
approximation of kinetic friction (and thus contact area) vs. load has been found to be
reasonably accurate in several nanoscale friction experiments [29, 30]. While seemingly
crude, as shown in SM 7, this produces at most an error of 9.1% in the contact area at the
highest load used, which is reasonable. This gives:

2
AF = LokeTpm (£)3 Ly"Y3CGL + Ly) - (2.3log(t) — 2.3log(to) + 0.58)  ............. (5)
G 4Ec 3

Note that Eq. (5) is a special case of Eq. (1), with g = 0. Therefore, we obtain an equation
that explains the experimental finding of an approximately linear dependence of friction drop
on load times log of hold time.

Note that we do not directly use Eq. (5) to extract Ly and 7 in order to reduce error, since Eq.
(4) maintains the nonlinear expression of load according to DMT model and thus is more
accurate than Eq. (5).

To show that this linear approximation is reasonably accurate, we measured the kinetic
friction vs. load in the positive load regime using another oxidized Si tip on piranha-cleaned
silica (Fig. 3), revealing a nearly linear dependence of kinetic friction on load (with an offset
along the load axis due to adhesion). The velocity was large enough to avoid any significant
evolution effect. Additional details on the decrease of the magnitude of evolution effect with
loading point velocity in smooth sliding tests will be presented in a future publication. For a
non-ageing single-asperity contact, kinetic friction is often observed to be proportional to the
contact area S [31], including for silicon and silica contacts [32, 33]. This, and our results in
Fig. 3, demonstrate that the linear approximation of the load dependence of S on L is
reasonable.

The physical picture represented by linearized Eq. (5) (the load and time dependence of
ageing) can be understood as follows: the load dependence, (§L + L), approximately

determines the number of initial available reaction sites (proportional to the contact area),
setting the stage for the ensuing ageing process; the time dependence, (2.3log(t) —
2.3log(ty) + 0.58), describes how the interfacial chemical bonds per unit contact area form
with time. Larger load creates a larger number of sites for ageing to occur (i.e., where
siloxane bonds can form), while on average, it does not affect the formation kinetics of
individual chemical bonds.



Although the area-load dependence is explicitly nonlinear in the DMT model and this is also
likely the case in our actual experiment, the nonlinearity resulting from Eq. (3) is rather small
over the constrained load regime we can access (Fig. 2, Fig. S5), indicating that the
potentially complex effects of load on both contact area and energy barrier (i.e., the term N/G
in Eq. (2)) end up varying nearly linearly with load. In other words, while the number of
available reaction sites and the energy barrier distribution all have different load dependences
(and the energy barrier distribution varies with hold time), they combine in a way that leads
to an approximately linear variation with load, independent of the hold time. While simple,
our approaches (Eq. (4) and Eq. (5) for the linear approximation, and Eq. (3) for the more
accurate nonlinear version) provide a first approximate method to analyze the load
dependence of friction for an ageing contact. From the analysis, we extract the energy barrier
and the activation volume (i.e., the stress sensitivity of the energy barrier) for the nanoscale
silica-silica ageing process.

Now we discuss the possible relationship between nanoscale ICBI friction, macroscale
friction, and the macroscopic RSF laws. For materials like polymer glasses, it has been
shown experimentally that the real contact area (as measured optically with a resolution of
micrometers) increases logarithmically with time [34]. In this case, chemical bonds may not
play an important role at the macroscale. This can be explained as follows. For a logarithmic
increase of the number of chemical bonds with time for a given real contact area, the rate of
bond formation decreases with time. Therefore, within any time interval, the bonds in the
newly formed contact area (i.e., those formed in that time interval) have a higher growth rate
than the bonds in the previously formed area (i.e., that formed before this time interval). Thus
the total number of chemical bonds formed should increase in a way that is faster than the
logarithmic increase with time. So as long as the increase of real contact area is comparable
to or greater than the rate of chemical bond formation, chemical bonding cannot be the main
reason for macroscale ageing.

On the other hand, for materials like rocks, an increase in real area of contact during hold
experiments has not been demonstrated, due to the high yield strength of silicate minerals and
the resulting microscopic to submicroscopic asperity sizes, which cannot be measured
precisely using, for example, optical techniques [35]. Indirect methods, using measurements
of acoustic impedance normal to the frictional interface during hold experiments, indicate an
increase in real contact area with hold time [36]. The difficulty of determining the increase in
contact area during aging for rocks is compounded by the usual presence of wear debris, or
"gouge", on the frictional interface, which contains myriad microscopic to submicroscopic
frictional contacts. For these reasons, the relative contributions of asperity creep and
chemical bond formation on macroscopic rock friction remain unknown.

It is important to discuss the feasibility that interfacial chemical bonds could form on a
macroscale contact based on our results. In our nanoscale experiments, the ageing
phenomenon is sensitive to surface cleanliness. As shown in [19], if the tip is taken out of
contact from the surface for some time, ageing is suppressed due to contamination. However,
if the tip is scanned first, the contact is refreshed and shows ageing. This effect may be due to
removal of hydrocarbon groups or other contaminants from the interface that came from the
atmosphere, and/or from freshly exposing bonds on the tip due to bond breaking induced by
scanning. We propose such refreshment could happen for macroscale contacts, since a
macroscale sliding interface is refreshing its asperity population all the time [5].



In conclusion, we show that the friction drop for aged silica-silica contacts is approximately
proportional to the product of normal load and log of hold time above ~ 0.1 s contact time, in
the positive load regime. With respect to the load and time dependence of ageing in
macroscale contacts, we propose that for those contact regions where the deformation is
elastic [37], our model of the nanoscale ageing might be applied as a potential mechanism.
More generally, our work connects the chemical kinetics and contact mechanics, provides
further evidence that nanoscale RSF behavior originates from interfacial chemical bond
formation, and establishes the applicability of RSF laws for nanoscale single asperity
contacts.
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(Color online) Fig. 1 | Effect of hold time and applied normal load on static ageing.
Relative humidity (RH) = 53%, temperature 7= 24  and the loading point velocity is 500
nm/s. a, Friction drop vs. log of hold time for different normal loads. The inset shows the
lateral force vs. lateral displacement curve from the test for 100 s hold time and 23 nN
applied load, and indicates how we measure friction drop. The linearity of friction drop vs.
log of hold time is seen for all normal loads. b, The slope of each linear fit in a vs. load. The
slope varies linearly with load. ¢, Friction drop vs. load for different hold times. For a given
hold time, friction drop increases linearly with load. d, The slope of the linear fits from ¢ vs.
log of hold time. The slope increases linearly with log of hold time. Loads and hold times are
varied randomly to exclude systematic errors.
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(Color online) Fig. 2 | Fitting of friction drop vs. load. The data points correspond to a hold
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(Color online) Fig. 3 | Kinetic friction vs. normal load. The silica substrate was cleaned
with piranha solution before experiment. The load is systematically varied from to
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