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Abstract

This work examines the effect of environmental humidity on rate-and-state friction behavior of nanoscale silica-silica
nanoscale contacts in an atomic force microscope, particularly, its effect on frictional ageing and velocity-weakening vs.
strengthening friction from 10 nm/s to 100 pm/s sliding velocities. At extremely low humidities (<« 1%RH), ageing is nearly
absent for up to 100 s of nominally stationary contact, and friction is strongly velocity-strengthening. This is consistent with
dry interfacial friction, where thermal excitations help overcome static friction at low sliding velocities. At higher humidity
levels (10-40% RH), ageing becomes pronounced and is accompanied by much higher kinetic friction and velocity-weakening
behavior. This is attributed to water-catalyzed interfacial Si—O-Si bond formation. At the highest humidities examined (> 40%
RH), ageing subsides, kinetic friction drops to low levels, and friction is velocity-strengthening again. These responses
are attributed to intercalated water separating the interfaces, which precludes interfacial bonding. The trends in velocity-
dependent friction are reproduced and explained using a computational multi-bond model. Our model explicitly simulates
bond formation and bond-breaking, and the passivation and reactivation of reaction sites across the interface during sliding,
where the activation energies for interfacial chemical reactions are dependent on humidity. These results provide potential
insights into nanoscale mechanisms that may contribute to the humidity dependence observed in prior macroscale rock fric-
tion studies. They also provide a possible microphysical foundation to understand the role of water in interfacial systems with
water-catalyzed bonding reactions, and demonstrate a profound change in the interfacial physics near and above saturated
humidity conditions.
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1 Introduction

Rate-and-state friction (RSF), like Coulomb and Amonto-
nian friction, consists of a set of empirical laws describing
the frictional response of materials [1]. While RSF behavior
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was discovered and described much later than the other fric-
tion laws, it has been found to apply to a broad range of
materials [2], from rocks to paper to hydrogels. Within the
RSF framework, friction can be described by an equation
of the form

Vo0

;4=,uo+alnvlo+blnD— (1)

c

where u is the friction coefficient, y is the steady-state
friction coefficient at a reference velocity V|, V is the cur-
rent sliding velocity, D, is the so-called “memory distance”
which is the characteristic sliding distance over which tran-
sients empirically evolve [3, 4], @ and b are empirical con-
stants, and 0 is a state variable which has units of time. Note:
for consistency with the RSF literature (“velocity-weaken-
ing” etc.), we use the term velocity throughout, but in all
cases we are referring to the magnitude of the velocity, i.e.,
the speed. The second term on the righthand side of Eq. 1 is
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referred to as the direct effect, since it describes how friction
changes in direct response to a change in sliding velocity
(for example, friction increases (decreases) abruptly with a
step increase (decrease) in sliding velocity); the third term
is the evolution effect, so-named because the state variable
0 in this term evolves over time (or with slip) with a change
in sliding velocity. This term also describes static ageing,
a characteristic phenomenon in RSF where the magnitude
of static friction grows with time due to a time-dependent
growth in the magnitude of 6.

A basic prediction of this law is that during steady-state
sliding, u varies linearly with the logarithm of velocity
with a slope of a — b. Additionally, the frictional response
is invariably mediated via the elastic coupling between the
application point of a lateral stress and the sliding interface
(e.g., torsion of the atomic force microscope (AFM) canti-
lever in this study) which can give rise to complex overall
behaviors such as stick—slip motion [5—7]; note that this type
of stick—slip is not due to the position-dependent potential
energy corrugation that leads to atomic lattice stick—slip
motion [8], but rather, is due to an increase in static fric-
tion with time in stationary contact (static ageing) [6], and/
or a decrease in kinetic friction with slip speed (evolution
effect) [5].

A hallmark of RSF is the history dependence of friction,
which is described analytically with a state variable. The
evolution of state with time is typically described by either
of two equations, the slowness law and the slip law. The
slowness law, attributed to Dietrich, is given by Ref. [9]:

—=1-= )

and the slip law, attributed to Rice and Ruina, is given by
Ref. [7]

a9 _ ve < Vo >
—=-—In(— 3)
dt D, D,

The slowness law differs fundamentally from the slip law
in that it allows the state to increase with the time of station-
ary contact during a hold, whereas the slip law requires slip
to increase the state [1].

The physical basis of these and other laws describing RSF
behavior is still debated [10-13], particularly with regard to
the physical meaning of state, with multiple mechanisms
having different degrees of empirical and theoretical sup-
port. Given the complexity of real macroscale and geoscale
contacts it is likely that multiple mechanisms contribute [14,
15]. The canonical view in the rock physics community is
that the state variable represents the real area of contact at a
frictional interface, which increases with the time of station-
ary contact due to plastic creep of asperities, with a number
of macroscale studies demonstrating it’s existence [16, 17].
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This mechanism leads to rate-and-state response in other
material systems such as polymers [10, 11, 18-20].

Another proposed mechanism for RSF is one that emerges
from the rheology of granular packings [12]. Such an inter-
facial geometry is ubiquitous in the particulate gouge found
at geological faults. The primary prediction is that the coef-
ficient of friction is determined by a dimensionless “inertial
number” that depends upon the shear rate and the confining
pressure [12]. Despite the absence of time-dependent fric-
tion (i.e., RSF response) between contacting grains in the
simulations, the authors were able to reproduce many fea-
tures of the RSF response including time-dependent static
strengthening attributed to stronger inter-particle coupling
with slow compaction [12]. To date, however, such simu-
lations have not been able to reproduce velocity-weaken-
ing friction, which is commonly observed in rock friction
experiments and considered to be a necessary condition for
earthquake nucleation [5, 7].

The evolution of state may also be due to increases in the
frictional strength (i.e., in the shear strength) of the contacts,
instead of increases in contact area as described above. In
particular, silica-silica interfaces are known to form bonds,
including covalent siloxane (Si—O-Si) bonds [21, 22]. At the
nanoscale, this has been shown to result in a corresponding
increase in static friction [21, 23-26]. This is referred to
as interfacial chemical bond-induced (ICBI) friction at the
nanoscale. In the case of nanoscale silica-silica contacts,
ICBI has been shown to be due to the formation of strong
siloxane bonds between hydrated silica surfaces. Our ear-
lier work employed AFM to examine this phenomenon for
nanoscale silica contacts wherein plastic deformation and
creep of the contacts were negligible [21, 23-26]. The fric-
tional strength of these contacts increases with the logarithm
of the hold time, consistent with the slowness law, and com-
plementary simulations demonstrate how this logarithmic
rate of chemical bonding arises from a combination of a
distribution of activation barriers to bonding and an antag-
onistic interaction effect between bonding at neighboring
sites [23]. Since then, we and others have shown how the
slowness law can be derived from the ICBI mechanism [24,
27], demonstrated how this mechanism can lead to stick—slip
friction, another hallmark of RSF [25], and examined how
this nanoscale phenomenon can manifest in more complex
macroscale contacts [28, 29]. Finally, it was also shown that
ICBI mechanism can in fact lead to increase not only of the
shear strength, but also of the real contact area, both con-
tributing to the logarithmic increase of static friction with
time [30].

An important aspect of the RSF response is the role of
water, especially in the case of interfacial chemical bond-
ing. The presence of ambient water is known to control the
density of thermodynamically favored hydroxyl terminated
sites on the surface of silica, as well as other geologically
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relevant minerals [31-33]. Hydroxyl groups participate
directly in the interfacial bonding reactions responsible for
ICBI [21, 23, 34]. Empirically, it is known that humidity
has a strong effect on the frictional behavior of rocks, and is
necessary for the evolution of state [35, 36]. Trends in the
frictional response of materials with changing humidity are
not universal, and depend on the specific material system,
interface morphology, and testing protocol. For macroscale
experiments, steady-state friction has been found to either
decrease [35, 37-39] or remain static [36, 38] with increas-
ing humidity. Additionally, increasing humidity often leads
to enhancements in static ageing [21, 35, 36] and unstable
sliding [35, 36], as characterized by velocity-weakening
or the observation of stick—slip. Intriguingly, macroscale
experiments on quartz rocks [35] at RH< 1% and quartz
powders [36] at RH < 5% show an absence of state evolution
in slide-hold-slide experiments. These results were attrib-
uted to a humidity dependence of the mechanical creep
of quartz. However, some of the present authors recently
showed using nanoindentation that a quartz sample does not
show any humidity-dependent mechanical creep up to 50%
RH [40]. This demonstrates that the humidity dependence
of the frictional ageing of quartz cannot be explained by
asperity creep, and instead indicates that other humidity-
dependent mechanisms, including time-dependent chemical
bond formation or slip-induced strengthening, are at play.
Theoretical examination of the relevant chemistry
between SiO, interfaces has revealed that water can play an
important role. First principles molecular dynamics (FPMD)
calculations which were based on density functional theory
(DFT) and therefore captured electronic interactions, were
utilized to study the role of water during wear of sliding
quartz slabs by Ootani et al. [34] This study showed that the
activation energy for interfacial bonding is reduced by 72%
when water molecules participate in the reaction, as shown
in Fig. 1, adapted from Ootani et al. [34] In these simu-
lations, nearby water molecules facilitated the reaction by
functioning as proton receptors, forming H;O" and leaving
a reactive SiO~ ion termination at the silica surface, which
subsequently could form an interfacial covalent bond. The
scheme in the lower panel of Fig. 1 is one example of such
a water-facilitated reaction, but the water-mediated proton
transfer was a common feature in the formation of all inter-
facial bonds observed in the aforementioned simulations.
The much lower activation energy for interfacial bond for-
mation when water was present to act as a proton acceptor
suggests that water allows for much more rapid interfacial
bonding kinetics. The same H,O proton acceptor mechanism
for the formation of interfacial Si—~O-Si bonds was found to
be operative in another study using classical MD with the
ReaxFF force field [41], and in the Si;N, and SiC material
systems [42]. Experimental studies of nanoscale wear in
silica systems have found accelerated wear with increasing
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Fig. 1 Possible reaction paths leading to SiO, interfacial bond-
ing with activation energies, dependent upon participation of water
molecules. Adapted from Ref. [31]. Note: images here isolated from
full simulation geometry of two quartz slabs, each composed of 165
atoms

humidity, which is consistent with an increased rate of inter-
facial bonding due to elevated humidity [43, 44].

We have previously demonstrated that the interfa-
cial chemical bonding mechanism can provide a physical
basis for friction behavior that follows the slowness law in
nanoscale silica-silica contacts [15, 21, 23-26, 28, 29], just
as mechanical creep did before it. Further investigations of
this mechanism are warranted. In particular, the influence
of humidity on interfacial bonding and the resulting RSF
effects in nanoscale silica-silica contacts, the subjects of this
study, have not been established. We are further motivated
by the fact that a nanoscale system remains the best way
experimentally to test whether RSF behavior can occur in
the absence of significant plastic deformation and granular
dynamics effects (as opposed to larger length scales where
these effects, and others, typically are present), i.e., to show
that chemical bonding alone can lead to RSF-like behavior.

2 Experimental Methods

All experiments were performed in an RHK350 AFM
mounted in a vacuum chamber (RHK Technologies, Troy,
MI), but with pressures ranging from 1 atm to 0.09 mbar.
In experiments at atmospheric pressure, humidity was
controlled by mixing clean, dry N, gas from the boiloff of
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a liquid nitrogen Dewar with moist N, gas that had been
directed through a deionized water-filled bubbler. Relative
humidity was monitored via a hygrometer (FisherBrand
traceable hygrometer/thermometer/dew point meter, Fisher
Scientific, Pittsburgh, PA) with its probe located inside the
vacuum chamber. In the experiments under vacuum, the
chamber was exposed to ambient air conditions overnight
then sealed and pumped with a scroll pump until the desired
pressure was achieved. The pump was deenergized and the
chamber isolated prior to the AFM measurements. For the
slide-hold-slide experiments under reduced pressure, the
pressure was progressively lowered while measuring the
ageing response at particular pressures; a final test was per-
formed again after venting to atmospheric pressure to con-
firm the ageing response did not change significantly during
the testing due to tip wear or sample reactivity changes.

All experiments were performed with commercial Si
AFM probes (PPP-FM, Nanosensors, Neuchatel, Switzer-
land) and polished Si wafer samples (El-Cat, Ridgefield
Park, NJ) which were both subjected to annealing in a quartz
tube furnace at 1000°C for 20 min in ambient air, 30-50%
RH, to grow an oxide coating with a thickness > 20 nm,
confirmed with post-annealing TEM imaging of the AFM
probes. Dedicated quartz tubes were used for all annealing
runs to ensure no contaminants from the furnace anneal-
ing of other samples was present. The probes and samples
remained in the furnace during heatup and cooldown. This
temperature led to little blunting of the probes with post-
annealing tip radii of 15-25 nm based on blind tip recon-
struction and TEM imaging (see SI), whereas we found
empirically that similar annealing times at 1100°C led to
final tip radii larger than 100 nm. Prior to each experiment,
the silica sample was cleaned via O, plasma for 5 min, both
to remove hydrocarbon contamination and maximize the
density of hydroxyl group terminations on the silica surface
[45]. We note that the wafers are phosphorous-doped at a
level of 1x 10> cm™ because they are produced for semi-
conductor applications; at this doping level a concentration
of only 1 P dopant per 1x 10° nm? is expected even before
the surface is oxidized. Thus, the dopants play no role in the
experimental behavior. The AFM probes were calibrated for
normal forces using the Sader method [46], and for lateral
forces using the diamagnetic lateral force calibration tech-
nique [47].

Slide-hold-slide experiments were performed by lat-
erally translating the probes in a reciprocating path on
the substrate across a 500-nm track at 50 nm/s and zero
applied load (maintained using the AFM’s normal force
feedback control). Zero applied load was used to ensure
contact pressures remained well below the hardness value
of the silica counterfaces, as confirmed in a prior study
with similarly prepared probes and substrates [21]. Kinetic
friction values were stable at steady-state, without any
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evidence of a stick—slip response that would necessitate
stability analysis [48]. Holds were performed by stopping
the lateral translation at the center of the track for the spec-
ified hold time, then continuing in the same direction at
50 nm/s. Values for the friction drop, from peak static fric-
tion after the holds to lower friction when sliding begins,
were measured from the lateral force vs. lateral translation
data, as demonstrated in the inset of Fig. 2a. The friction
drop is a common measure used to quantify the ageing
magnitude [21, 23]. Hereafter, the ageing response will
be referred to as “ageing response AF”. Each reported
average value and standard deviation were calculated
from at least 8 slide-hold-slide cycles. The order in which
holds of different times were performed was randomized
to prevent the possibility of a systematically changing tip
geometry and thereby affecting the results. The lack of
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Fig.2 a Ageing response AF as a function of hold time in a slide-
hold-slide experiment as a function of ambient total pressure in air.
Colored shading shows the standard deviation of the values captured
from eight sequential sliding cycles. The inset demonstrates how the
ageing response AF (friction drop) was measured at the end of the
hold time. The arrow illustrates the trend with increasing pressure/
humidity. b Velocity-dependence of kinetic friction for different total
pressures in air
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such a sequence-dependence in the slide-hold-slide age-
ing response also provides further reassurance that plas-
tic creep of the asperity could be effectively excluded as
a physical mechanism for ageing in these experiments.
Adhesion was also periodically measured via the maxi-
mal adhesion force during force-distance curves where the
probe approached the surface at a rate of 100 nm/s up to a
maximum load of ~20 nN, then retracted at the same rate.

Using blind tip reconstruction [49] before and after
experiments, the wear rates of the AFM probes in the SiO,
system were found to be excessive at intermediate humid-
ity levels. For context, a probe with an initial radius of
63 nm was slid for 32 um at zero applied load at 10% RH
during conventional speed-dependence testing and expe-
rienced 4 nm of vertical wear resulting in a punch shape
with a 50 nm diameter. To give a sense of how little sliding
this is, a single 100 x 100 nm? image with 256 lines experi-
ences 51 um of sliding; a well-functioning AFM tip should
be able to acquire many such images without appreciable
wear [43]. This led to difficulty in extracting repeatable
trends for the velocity-dependence of friction across mul-
tiple humidity levels when measured in the typical way of
performing contact mode imaging at each sliding velocity.

To deal with this difficulty, a new protocol was devel-
oped which involved continuously varying the slid-
ing velocity across the entire velocity range in a single
scan line. This technique and the associated analysis are
detailed in the Supplemental Information. To ensure that
the track length was long enough to maintain steady-state
conditions at all velocities (i.e., negligible transient history
effects on kinetic friction due to RSF behavior), the proto-
col was performed on 1 and 2-pm long tracks, and equiva-
lent results were obtained for the two track lengths. All
velocity-dependent friction results reported from this are
the average values and standard deviations obtained from
at least three sliding cycles. The only exception is where
individual cycles are reported to demonstrate a repeatable
evolution effect across the test. This protocol minimized
the amount of sliding required to capture each velocity-
dependence curve and therefore minimized cumulative tip
wear, allowing for repeatable results across a succession
of humidity levels. This also allowed for a high density of
data in each curve (e.g., the 1013 mbar trace in Fig. 2b),
which is composed of 50 data points, each of which is
an average across a 40 nm track length and a small range
of velocity). For the load-dependent kinetic friction tests
discussed later, the load was progressively increased to
the maximum load while measuring the speed-dependence
of kinetic friction at select loads, and then lowered pro-
gressively back to zero applied load while repeating the
kinetic friction tests at the same loads to confirm a similar
response was achieved.

3 Experimental Results

Figure 2a shows the trends in ageing response AF from
slide-hold-slide measurements under varying total pres-
sure of ambient air for hold times of 0.1, 1, 10, and 100 s,
with a partial pressure of water corresponding to 16 +2%
RH at ambient pressure (1013 mbar). In this nanoscale
silica system, the ageing response AF increases approxi-
mately linearly with the logarithm of the hold time for
hold times between 1 and 100 s. The increasing slope of
the curves in Fig. 2a with increasing total pressure can
be attributed to an increase in the availability of water
to participate in the interfacial bonding reaction (other
constituents of the ambient environment such as nitrogen
and argon are not expected to participate). The decline of
static ageing on timescales above several seconds in highly
inert, UHV environments has been reported in other AFM
studies [50, 51].

Figure 2b shows velocity-dependence of the kinetic fric-
tion at the two extremes of pressure in Fig. 2a, across sliding
velocities from 10 nm/s to 10 pm/s. The overall shapes of
the curves are similar to what has been seen in macroscale
rock friction experiments [1], with a near-linear dependence
on the logarithm of the sliding velocity (V). At the low-
est total pressure (1 mbar), we observed mildly velocity-
strengthening behavior, whereas at the highest total pres-
sure (1013 mbar) we observe a strong velocity-weakening
trend. The observed change in the velocity-dependence can
again be attributed to the availability of water molecules
to participate in the interfacial bonding reaction. At low
pressure, water is unavailable, so interfacial bonding is
largely precluded. This in turn results in low overall fric-
tion and a velocity-dependence of friction that is dominated
by the direct effect in the framework of RSF. Specifically,
the increase of kinetic friction with log V in a non-bonding
nanoscale system is well understood to be due to thermally
activated jumps between adjacent energy minima in the
potential energy landscape, with thermal activation becom-
ing less effective with increasing load-point velocity [52,
53]. In contrast, at the highest total pressure, water is readily
available to participate in interfacial bonding, which results
in higher overall friction due to the presence of many interfa-
cial bonds. The velocity-weakening behavior can be rational-
ized in simple fashion under the assumption of a constant
bond formation rate for these short-lived contact sites [54]:
each possible bonding site on the tip traverses more of the
sample surface in an unbonded state at higher sliding veloci-
ties, thereby lowering the average friction with increasing
sliding velocity. The approximately linear dependence on
the logarithm of velocity is typical of RSF behavior [27].

To access higher humidity levels, similar experiments
were performed at varying % RH at ambient pressure in

@ Springer
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N,. The ageing and velocity-dependent behavior show
non-monotonicity at these higher humidity levels. Fig-
ure 3a shows the ageing response AF for 1-60+2% RH.
The arrows are added to emphasize the non-monotonicity.
At the lowest humidity, the ageing response AF is weak,
consistent with data shown in Fig. 2a. For humidities in the
range 10-40 +2% RH, the ageing response AF is approxi-
mately constant, and at 60 +2% RH the ageing response
AF is again subdued. The inset of Fig. 3a shows the trend
in adhesion across the same humidity range. The adhesion
varies substantially across this range. This variation can
be attributed primarily to capillary formation between the
tip and the sample and is consistent with previous litera-
ture [55-57]. The non-monotonic change in adhesion with
%RH is typical in the literature [58, 59], and has often
been attributed to the formation of a load-bearing ice-like
water layer at the sample surface which causes a reduction
of adhesion at high humidity. This phenomenon can also
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Fig.3 a Ageing response during slide-hold-slide measurements per-
formed in different ambient humidities. Inset shows adhesion trend
across same humidity range. b Velocity-dependence of kinetic fric-
tion across same humidity range as (a)
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rationalize the friction and ageing seen in Fig. 3. Separa-
tion of the two silica surfaces by an ice-like layer would
prevent the formation of interfacial chemical bonds. This
prevents ageing (Fig. 3a) and chemical bonding during
sliding (Fig. 3b), which leaves only a velocity-strengthen-
ing Prandtl-Tomlinson type friction response.

Figure 3b shows the velocity-dependence of kinetic
friction. Similar to the trend shown in Fig. 3a, the trend in
kinetic friction is also nonmonotonic with humidity (as indi-
cated by the arrows). At 1 +2% RH, friction is relatively low
and independent of velocity. When the humidity increased to
10+ 2% RH, the overall friction became high and strongly
velocity-weakening across the entire velocity range, which
extends to 100 pm/s. As the % RH is raised further, the
overall friction decreased and velocity-weakening became
less and less pronounced until velocity-strengthening (and
low friction) was observed again at 60 +2% RH. It should
be noted at this point that while these qualitative trends were
easily reproducible, the % RH corresponding to the maxi-
mum friction and to the regime of velocity-weakening could
vary from 5 to 20% RH between experiments [21, 60, 61].
This variation can be attributed to the difficulty of main-
taining a perfectly reproducible SiO, surface chemistry and
thus sample reactivity. After plasma cleaning, the surface
hydroxyl density decreases substantially on the timescale of
hours due to adsorption of hydrocarbon molecules present
in ambient air, which reduces the density of hydroxyl sites
available for interfacial bonding [45, 62].

To better understand the transition from velocity-strength-
ening to velocity-weakening friction at low % RH, velocity-
dependence testing was performed at a succession of closely
spaced humidity levels. The results are shown in Fig. 4. At
each humidity level there is a transition velocity where the
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Fig.4 Velocity-dependence of kinetic friction at a succession of
humidity levels between 1 and 10% RH. The dashed arrow highlights
the trend in the transition velocity between velocity-weakening and
strengthening
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trend switches from velocity-weakening to velocity-strength-
ening. This effect has been observed in other studies [63,
64] but is inconsistent with the most common forms of the
RSF laws [5, 65, 66]. Such a transition velocity could have
important effects in earthquake mechanics, such as promot-
ing stable slip and limiting the magnitude of slip events
[5, 63, 67, 68]. As the humidity level rises, this transition
velocity shifts to higher and higher values, as highlighted
by the black dashed arrow. The velocity-dependence testing
protocol (see SI for more details) involved traversing the
entire velocity range during each sliding cycle, with eight
cycles performed sequentially in a reciprocating fashion on
the same, initially unworn wear track. The test at 1 +2% RH,
unlike the data shown for the other humidities where data
from all cycles were averaged, is subdivided into averages
of cycles 1 and 2, 3 and 4, and 5 through 8. The data were
subdivided in this way because we typically observed an
evolution of the friction at this % RH during the test, with
friction decreasing at the lowest sliding velocities during
the test. This effect was not observed at higher humidities.
Another example of the cycle dependence at low % RH is
shown in the SI. We hypothesize that as the test proceeds,
adsorbed water molecules are progressively removed from
the wear track, leading to a reduced inventory of water that
can participate in interfacial chemical bonding.

We hypothesized that the shift to lower, velocity-strength-
ening kinetic friction and a weaker ageing response at high
% RH (e.g., 60% RH in Fig. 3a, b) was due to a water layer
that separates the counterfaces and precludes interfacial
bonding; such a trend was recently found in AFM measure-
ments on highly oriented pyrolytic graphite samples [69] and
an ice-like layer is expected to form on hydrophilic silica
[58]. If this hypothesis is valid, there must be some normal
pressure that displaces this water and reimposes velocity-
weakening friction. A simple test of this would be to meas-
ure the velocity-dependence at a succession of increasing
normal loads, where the reappearance of velocity-weaken-
ing behavior would indicate that interfacial bonds are again
forming between the counterfaces. An example of such a
test, performed at 60 +2% RH, is shown in Fig. 5. At zero
applied load, friction is velocity-strengthening, but as the
applied load is increased, the behavior becomes velocity-
weakening, consistent with a mechanism of interfacial water
preventing covalent bond formation between the counter-
faces. Our results are consistent with a previous experimen-
tal result obtained for a silica-silica interface immersed in
an ionic liquid (IL) [70], where the authors observed that
the velocity-weakening trend is obtained only at a relatively
high contact pressure range (> 1.1 GPa). This phenomenon
was attributed to the expulsion of the confined IL film from
the contact, which exposes the surface silanol groups and
facilitates the formation of interfacial siloxane bonds. Blind
tip reconstruction [49] of the tip after this high-load testing
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Fig.5 Velocity-dependence of kinetic friction as a function of
applied normal load in 60+2% RH N, environment

revealed a blunted but still hemispherical geometry (see SI).
From this final geometry, the DMT model [71] was used
to estimate the nominal contact pressure at each load, the
highest and lowest of which are annotated in Fig. 5. These
contact pressures are likely underestimated, however, since
while the tip apex geometry was approximately spherical,
we show next that friction vs. load scaling is linear, which
implies that the contact involves multiple asperities. The
finding that it requires > 1 GPa of contact pressure to reim-
pose velocity-weakening friction shows that the water layer
between the counterfaces possesses a substantial load-bear-
ing capacity. Similar load-dependencies have been observed
previously [72].

We also considered stress enhancement of the interfacial
bonding rate as an explanation for the transition from velocity-
strengthening to velocity-weakening friction in Fig. 5. If such
an effect was significant, at low contact pressures where inter-
facial bonding is slow, velocity-weakening friction would be
observed as a consequence of dominant Prandtl-Tomlinson
friction, but at higher contact pressures interfacial bonding
would be dominant, leading to a velocity-weakening response.
This is what we see in Fig. 5. To examine this possibility, we
can use the insights from the load-dependence of friction on
load. If the rate of bonding was sensitive to the contact stress
in the relevant load range, one would expect a supralinear scal-
ing of friction vs. load. This is because more bonds would
form within each unit of real contact area, thereby increasing
friction. An earlier study examined the load-dependence of
friction in the same material system and found a linear scaling
of friction with load [24], suggesting that there is a constant
interfacial shear strength with increasing contact pressure [20].
We confirmed the linear scaling of friction with load from Ref.
[24] in the current study. Figure 6a shows friction vs. load
curves in two different environments. The first environment
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Fig.6 a Friction vs speed curves for various applied loads. The four
applied loads are tested in 10%RH air and at reduced ambient pres-
sure. b Friction vs load curves generated from the data in (a), for
both sliding environments. The curves are captured at three different
speeds, with similar trends. Linear fits are applied to each set of data

is 10%RH air. Unlike the results of Fig. 5, velocity-weaken-
ing is observed at all normal loads, suggesting the interfa-
cial bonding has a dominant effect on the friction response.
The second environment is a reduced pressure of 1 mbar. We
expect, based on our results thus far, that interfacial bond-
ing is greatly reduced in this low humidity environment, so
Prandtl-Tomlinson velocity-strengthening dominates the fric-
tion magnitude and any effect of stress enhancement should
be minimal. Similar to Fig. 2b at the same chamber pressure,
velocity-strengthening is experimentally observed in Fig. 6a.
The data in Fig. 6a is used to generate the friction vs. load
curves shown in Fig. 6b. For each environment, we show data
corresponding to three different sliding speeds. In all cases,
reasonably good linear fits confirm approximately linear fric-
tion scaling with load. This suggests that any stress enhance-
ment of interfacial bonding does not have a large effect in the
load range of the study.

4 Multi-Bond Simulation Methods
4.1 Multi-Bond Model

To couple the humidity dependence observed in the experi-
ments with specific tribochemical reaction pathways, we
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carried out a series of multi-bond simulations [73]. A multi-
bond model approximates the overall frictional response of
a sliding interface as the result of interactions originating
from a collection of fictitious “bonds” connecting the tip
and the substrate. The dynamics of a tip laterally moving on
a substrate is described by the following one-dimensional
equation of motion [73],

MX+nX+KX-Vt)+F, =0 4)

where M is the effective mass of the AFM tip, # is the damp-
ing coefficient, K is the lateral stiffness of the AFM canti-
lever, X is the position of the tip, V is the sliding velocity
of the tip, ¢ is time, F, is the force exerted to the tip due to
the interfacial “bonds”. The nature of the “bonds” can be
varied based on the target system being studied. For exam-
ple, F, can represent the force originated from the capillary
water bridge formed at each single-asperity contact across
the multi-asperity interface [74], from stretching interfa-
cial chemical bonds [75] formed within the single-asperity
contact [70, 76], or from atomistic wear events [77]. The
total kinetic friction is calculated as the time average of the
instantaneous lateral force on the tip F = —K(X — V1).

4.2 Activation-Passivation Loop (APL) Model

We previously built a multi-bond model specifically for
a silica-silica interface [26], where the ICBI friction was
simulated by explicitly considering the formation and rup-
turing of interfacial siloxane bonds (Si—O-Si) across the
tip—suBstrate interface. This was done by assuming
F, =Y fi, where N is the number of interfacial siloxane
bondsl alnd fci is the friction force applied to the tip to stretch
the /" bond during the tip sliding. Equation (4) is solved
numerically with a finite time step that is small enough to
capture the kinetics of bond formation and bond-breaking.
At every time step, the bonding state at each reaction site
within the contact, either formed or ruptured, is updated
stochastically according to the activation energies assigned
locally for the corresponding chemical reactions.

More specifically, in this model [26], a surface reaction
site can either be in “bonded state (BS)”, “dangling state
(DS)”, or “passivated state (PS)” during sliding. For silica-
silica interfaces, the PS site represents the silanol group
(Si—OH) on the hydroxylated silica surfaces [78, 79]. This
PS site can react with the opposing surface, and therefore be
“activated”, and form an interfacial siloxane bond (Si—O-Si)
to become a BS site [21-23, 80]. The BS site is equivalent
to the interfacial bond state (IBS) site in our newly modified
model that will be introduced in the following section. The
BS site is connected with the opposing surface with a ficti-
tious spring, which results in the bonding friction f., while
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the tip is laterally translated. The interfacial bond will even-
tually break due to the stretching of the bond and become a
DS site. The DS site is highly reactive and can either reform
an interfacial bond and become a BS site or be passivated
by water molecules and form a PS site again. Therefore,
these three states, i.e., BS, DS, and PS states, form a closed
chemical reaction loop, prompting the designation of the
multi-bond model as the “activation-passivation loop”
(APL) model. In the APL model, we demonstrated that such
a chemical reaction loop alone can lead to the logarithmi-
cally velocity-weakening frictional response, a phenomenon
described as the evolution effect in phenomenological RSF
models. Our past work suggested that the “state” of a contact
can have a chemical origin, with the evolution of the state
attributed to changes in the number of interfacial chemical
bonds as the sliding velocity varies. In addition, the memory
distance, Dc, can be interpreted within our model as the
sliding distance required to passivate a dangling bond via
interaction with a water molecule. Further discussions about
the memory distance in ICBI friction can be found in our
earlier work [26].

4.3 Humidity-Dependent Activation-Passivation
Loop (HD-APL) Model—Chemical Loop

Here, we further develop our APL model by incorporating
two different humidity dependencies on the surface chemis-
tries: (1) the catalytic effect of water molecules on the inter-
facial chemical bonding and breaking reactions [34, 81-84],
and (2) the lubrication effect from forming a thick water
layer at a higher humidity level [34, 69, 85, 86].

In order to simulate the catalytic effect of water mol-
ecules, the activation energy for bond formation and

Fig.7 Schematic plot of the
chemical loop in our humidity-
dependent activation-passiva-
tion loop model. The reaction
site can be converted to a
different surface state during tip
sliding with different activation

Chemical Loop

Passivated (PS)

0{| H\OH

Interfacial bond (IBS)

bond-breaking is lowered when water molecules are pre-
sent at the reaction sites in accordance with earlier theoret-
ical studies [34, 81]. We also introduce a new state, which
is called a “surface bond state (SBS)”, representing a non-
reactive in-plane surface siloxane bond (Si—O-Si) [83].
The bonded state (BS) in the original model is replaced
by interfacial bond state (IBS) in order to distinguish it
from SBS. The SBS site is necessary in our model to simu-
late the humidity-dependent number of silanol groups (or
equivalently PS sites) on the silica surface at equilibrium
[31, 82, 83, 87], i.e., a higher surface density of surface
silanol groups is expected at a higher humidity level. This
is achieved in our model by allowing the SBS site to be
reactivated by water molecules and thereby to transform
to a PS site. The new chemical loop formed among the
four chemical states, i.e., IBS, SBS, DS, and PS states, is
shown schematically in Fig. 7.

As shown in Fig. 7, each chemical process is assigned
an activation energy. The activation energies colored in red
correspond to the “dry” process (i.e., without water mol-
ecules participating), and the activation energies colored
in blue correspond to the “wet” process (i.e., with water
molecules involved in the reaction). For example, a PS
site can form a bond via either a “dry” or “wet” process
[34], and the activation energies for each of these pro-
cesses, respectively, are denoted as E,|, and E,; ,,,,,,- The
same naming scheme is used for bond-breaking processes
as well [81], i.e., E 5 and E, ., refer to the activation
energies of “dry” (from IBS to DS) and “wet” (from IBS
to PS) bond-breaking processes, respectively. Dangling
bonds can also participate in different types of reactions;
E ; represents the activation energy for a dangling bond
to reform either an interfacial siloxane bond (IBS) or a

Dangling (DS) Surface bond (SBS)

energies. The activation energy /. /
for “dry” a‘nd “wet” processes OH OH OH (¢} O Water Layer
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surface siloxane bond (SBS), and E_, is the barrier for
passivating a dangling bond (PS).

The activation energies mentioned above determine the
reaction rate I" via the following equations,

Fﬁc = Wﬁcexp(_Ea,ﬁc/kBT) (5)

2/3
l—‘fdc = Wfdcexp<_Ea,fdc<1 _fc/fc_crit> /kBT> (6)

where kj is the Boltzmann’s constant, 7 is the temperature,
and w’s and E’s are the attempt frequencies and the activa-
tion energies, respectively. The subscripts fic and fdc, respec-
tively, represent force-independent and force-dependent
chemical reactions. Among the chemical reactions shown
in Fig. 7, only those bond-breaking reactions that mechani-
cally stretch the interfacial bond, i.e., from IBS to PS and
from IBS to DS, are described by Eq. (6). For all other reac-
tions without a bond being stretched, such as formation of
an interfacial bond (from PS to IBS) and hydroxylation of a
surface siloxane bond (from SBS to PS), the reaction kinet-
ics are described by Eq. (5).

In Eq. (6), f, = k.Ax, is the friction force due to stretch-
ing a single interfacial chemical bond at a given reaction
site while the tip is laterally translated. Ax, is the elonga-
tion distance of a single bond. k, is the bond stiffness,
determined by k. =f; .../ Ax, ;> Where f, ., and Ax,
are the critical force and critical elongation distance for
breaking a single bond, respectively. A chemical bond
is forced to break when f, > f, ., or equivalently when
Ax, > Ax, .. In the meantime, a chemical bond is also
allowed to break due to thermal activation before being
stretched to the critical elongation length, where the kinet-
ics for such thermally activated bond-breaking process is
described by Eq. (6). Here, we assume the 2/3 power law
dependence of activation energy for bond rupture on the
friction force, in accordance with the “ramped creep” con-
dition [77, 88, 89], which was found to describe siloxane
bond rupture in single-molecule force spectroscopy meas-
urement quite well [90].

Whether a reaction proceeds via a wet process and is
catalyzed by water molecules or a dry process without
water molecules is determined stochastically at each sim-
ulation time step by the humid probability 0 <P < 1. A
higher humidity probability P in the simulations represents
a higher % RH in the experiments, and thus, P can be seen
as an implicit measure of the humidity level. Although
it is possible to relate P to % RH by assuming a certain
functional form of water adsorption isotherm (see further
discussion in SI), this will inevitably introduce additional
assumptions and fitting parameters. Here we choose not to
explicitly assume any quantitative relationships between
P and % RH. Instead, we report the simulation results as
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a function of P in the results section, under the assump-
tion that there exists a monotonic relationship between P
and % RH.

In addition to the catalytic effect of water molecules, it
was also reported in both experiments and theoretical stud-
ies that a thick water layer at high humidity can act as a
lubricant [69, 85] and that a full monolayer of water mol-
ecules at the interface is enough to separate the surfaces
and preclude interfacial bonding [34, 86]. This effect is
implemented in our model by multiplying the reaction rate
constant for the interfacial bonding process (from a PS to a
IBS) by a penalty function that monotonically decays with
increasing humid probability P. Specifically, the penalty
function takes the form of a sigmoid function 1/(1 + €?),
where f = a(P — P,). The reaction rate constant for inter-
facial chemical bond formation, i.e., Fﬁc as described by
Eq. (5), is multiplied by the penalty function, only in cases
when the reaction site is considered to be “wet” at a given
time step. In other words, the chemical bond formation reac-
tion at a “dry” reaction site will not be affected by any water
molecules present at other “wet” reaction sites.

In the penalty function, a and P, determine how fast the
reaction rate for interfacial bond formation decays with
increasing P, which affects the relative contributions of the
binding and intrinsic friction to the total kinetic friction.
In the simulation results shown below, we set a=30 and
P, = 0.5, which can capture the substantial decrease in the
rate of interfacial chemical reactions when there is a large
number of interfacial water molecules present [86], and
reproduce the trends observed in our humidity-dependent
experiments (Fig. 3b) reasonably well. We also performed
simulations with other values of a and P, which is presented
in the SI section. These simulations show worse agreements
with the experimental observations due to the penalty to the
bond formation reaction rate constant being too strong or
too weak.

4.4 Humidity-Dependent Activation-Passivation
Loop (HD-APL) Model—Mechanical Loop

Recent studies demonstrated that when there are two types
of contacts with distinct activation energies for contact
formation, the velocity-dependence of the kinetic friction
shows double-peak behavior, and thus, the transition from
the velocity-weakening to velocity-strengthening kinetic
friction occurs as the sliding velocity increases [70, 76].
This is because the formation of stronger contacts with
higher activation energy for contact formation will be kineti-
cally suppressed as the sliding velocity increases, while the
weakly activated process with lower activation energy for
contact formation will dominate the frictional interactions
at higher sliding velocity.
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In the silica-silica interface, the interfacial siloxane bonds
are responsible for the strong covalent interaction that leads
to velocity-weakening behavior at a sliding interface [26],
which is already incorporated in our model via the chemi-
cal loop introduced above. Here, in order to simulate the
velocity-strengthening trend observed in our experiments
(see Fig. 3b), we introduce a second type of friction induced
by the intrinsic surface energy corrugation, which repre-
sents the weakly activated process that should dominate
the frictional response in the high velocity regime. We
call such friction “intrinsic friction”, as it describes the
universal interactions which exist at all solid—solid inter-
faces, although such friction can be negligible in the case of
superlubrication [91, 92]. Our experimental results shown
in Fig. 3b clearly indicates that there is a finite friction even
when the interfacial chemical bonding is greatly suppressed
at the lowest (1% RH) and the highest (60% RH) humidity
levels. Therefore, we will assume a non-zero contribution
from such intrinsic noncovalent interaction between the tip
and the substrate in our model.

The intrinsic friction is introduced in our model via the
so-called mechanical loop. In the mechanical loop, the entire
tip is either in the “stick state (StS)” or the “slip state (SIS)”.
In the StS, the tip is connected to the substrate with a single
fictitious spring, whose spring constant is different from that
of an interfacial chemical bond (IBS) in the chemical loop.
The spring breaks when the tip slips, and then, the state of
the tip transitions to the SIS. This mechanical loop resembles
the thermally activated Prandtl-Tomlinson (PTT) model-
type friction, where the tip hops from one local energy min-
ima to the other along a corrugated potential energy surface
with the aid of thermal activation. Consequently, we set a
0 eV barrier for the transition from the SIS to StS, but a finite
activation energy E s for the inverse process. The mechanical
loop is depicted schematically in Fig. 8.

Our silica-silica interface is amorphous, and the surface
energy landscape should be random in nature. However, it
was previously derived that the average frictional response
of a non-aging amorphous interface can be described by
the PTT model with an average activation barrier for hop-
ping [93], under the assumption that the apparently smooth
sliding observed could actually be irregular stick—slip with
different local activation energy for the slip at different
locations [94]. In our model, we approximate the intrinsic
friction due to the tip-substrate energy corrugation using
a single activation energy E,s, which should represent the
average energy corrugation across the interface.

Similar to the chemical loop, we describe the transition
from StS to SIS as a thermally activated process, and thus,
the transition rate is calculated by the following equation,
2/3

l—‘m = Wmexp(_Ea,m (1 _fm/fm_crit) /kBT> (7)
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Fig.8 Schematic plot of the mechanical loop in our humidity-
dependent activation-passivation loop model. The tip-substrate con-
tact from the intrinsic surface energy corrugation is simplified with
a single fictitious spring with 0 eV barrier for formation but a finite
barrier Ea; for breaking

where the subscript m indicates that the process is within
the mechanical loop. In our model shown in Fig. 8, there is
only one process that has a finite activation energy E s, and
therefore, E, ,, = E 5. The same 2/3 power law is assumed
here, which has been analytically derived for thermally acti-
vated PTT model [88, 95].

As we consider the lubrication effect of the water layer in
the chemical loop, we also assume that the intrinsic friction
is lowered at a high humidity level [69, 85]. This effect is
implemented by setting the activation energy E s to linearly
decrease with increasing humid probability P, such that £,
and f,, . are half of the original value at the highest value
of P=1. Here, E_,, is assumed to decrease proportionally
with f, .. in accordance with the PTT model. [95] We
did not let the values of E,, and f,, ., reach zero at the
highest humidity probability P, based on our experimental
observation (see Fig. 3b) that there is still finite friction that
increases with sliding velocity even at the highest humidity
level (60% RH), when the ICBI friction should be greatly
suppressed.

Note that it was also reported that friction can be an
increasing function of humidity due to surface-specific
mechanisms, such as the registry of water molecules at the
interface [69] and the formation of a meniscus around the
tip-sample contact [96]. These effects are ignored in our
model based on the observations obtained from our experi-
ments. Specifically, we observe a non-monotonic depend-
ence of friction on humidity (see Fig. 3b). As discussed
earlier in this paper, we hypothesize that the interfacial
chemical bonding occurs in the middle range of humid-
ity levels, but only a limited amount of chemical bonding
occurs at the lowest (1%) and highest (60%) humidity. Also,
as shown in Fig. 3b, kinetic friction at the lowest humidity

@ Springer



105 Page 12 of 19

Tribology Letters (2024) 72:105

(1%) is much higher than the friction at the highest humid-
ity (60% RH). Therefore, it is reasonable to assume that the
main role of a thick water layer is to act as a lubricant layer
to reduce the friction due to the intrinsic surface energy cor-
rugation. In fact, if we introduce the non-monotonicity in the
dependence of E s on humid probability P, the overall non-
monotonic dependence of friction on humidity will become
more pronounced in the simulation. However, as we will
show below, such non-monotonic dependence of intrinsic
friction on humidity is not necessary for reproducing the
non-monotonic humidity dependence of kinetic friction
observed in the experiments.

As described above, in our current model, there are two
independent types of tip-substrate interactions, i.e., bonding
friction and intrinsic friction. Therefore, the total tip-sub-
strate interaction F, appearing in Eq. (4) is now the sum of
two in}c\}ependent interfacial interactions,
ie.F, = ) f.;+f, where the values of f, ; and f,, are the
friction f(l)rlces from the individual interfacial bond and the
intrinsic surface energy corrugation, respectively. The values
of f, ;and f,, are determined by micro kinetic processes in
chemical (Fig. 7) and mechanical loops (Fig. 8), respec-
tively, at each simulation time step.

4.5 Simulation Parameters

For each reaction site, we assign activation energies
(E,,E,5....E,s) for all processes represented in the chemi-
cal and mechanical loops shown in Fig. 7 and Fig. 8. The
activation energies in the chemical loop are sampled from
Gaussian distributions rather than assigned a fixed value
to account for the heterogeneity of the reaction sites and
their geometries on amorphous surfaces [23]. The activa-
tion energy distributions used in our simulation are shown
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Fig.9 Activation energy distributions used in the simulations. All the
distributions are Gaussian, except for E s which is a delta function
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in Fig. 9, and the justifications for the mean values and the
standard deviations are given below.

In order to include the catalytic effect of water molecules
on chemical bond formation [34] and breaking [81], we
set the parameters in such a way that Eal,water < Edl and
EaZ,water < EaZ’ where — means the average value for all
reaction sites at the interface. More specifically, the values
of Eal and Eal,water for siloxane bond formation are set to 1.0
and 0.35 eV, respectively. These values agree with the DFT
calculation results shown in Fig. 1 [34], where the activa-
tion energies to bond formation with and without water are
25.6 kcal/mol (1.1 eV) and 7.1 kcal/mol (0.31 eV), respec-
tively. For the bond-breaking process, we chose Eal =12eV
for the dry process, which is based on the ab initio Molecular
Dynamics simulation results (~ 100-125 kJ/mol) for stretch-
ing siloxane elastomers. For water-catalyzed siloxane break-
ing process, we chose the value Eal,water = 0.8 eV, which is
within the range of the values reported by previous ab initio
methods (0.32-1.27 eV) [81, 97].

The standard deviation of the distributions of activa-
tion energies of E,|, E,| yuer» Eqgo» and E,q e 15 chosen
to be 0.08 eV. The resulting range of activation energy E,,
(~0.76-1.24 eV) is consistent with our previous kinetic
Monte Carlo simulation work, where the experimental con-
tact ageing results for silica-silica interface is reproduced
[29]. The lower bound of E_; is set to~0.8 eV, which is
identified to be an important feature to achieve linear con-
tact ageing behavior observed experimentally at short time
scale (<0.1 s) [54]. Here, in order to reduce the number of
parameters, we assume the same width of activation energy
distribution for E| yaeer» Egp> and E,q guper-

For the chemical processes involving dangling bonds,
we chose the lowest activation energy among all processes
to account for the highly reactive nature of a dangling
bond, i.e., Ea3 = EM =0.2 eV, with a standard deviation of
0.06 eV. These values are the same as what we used in our
original APL multi-bond model simulation [26].

Finally, for the intrinsic friction in the mechanical loop,
we assign a single value for the activation energy E 5 =
0.3 eV, assuming that the heterogenous surface corrugation
is averaged out across the interface and that the silica surface
is overall relatively flat without a large change in the energy
corrugation during sliding [98]. A relatively lower value,
compared to the siloxane bond-breaking processes (E,, and
E 5 water)» 18 assigned to represent the weaker noncovalent
nature of such intrinsic friction [88].

We will report the friction force normalized by the con-
tact area, which has the same units as shear stress, instead
of the absolute frictional values. No explicit assumptions
are made based on the single-asperity or multi-asperity
contact (such as Hertzian contact pressure distribution, or
the load-dependence of the real contact area). Our previ-
ous experimental and theoretical works on contact ageing



Tribology Letters (2024) 72:105

Page130f19 105

at silica-silica interface in either single-asperity [24, 29] or
multi-asperity [28] contact showed that the total friction is
approximately a linear function of the real contact area if
the contact pressure is relatively low. This is because the
total friction linearly scales with the number of interfacial
siloxane bonds, and the number of interfacial bonds, in turn,
increases linearly with the real contact area at a constant
surface density of silanol groups. The typical surface density
of silanol groups on a fully hydroxylated amorphous silica
surface was experimentally measured to be around p,y =
4 nm~? [78], which is the value set to be the maximum sur-
face density of silanol groups in our computational model.
Since all experiments except the load-dependent tests shown
in Figs. 5and 6 were conducted at a low constant applied
load (0 nN) and an estimation of the exact contact area at
the sliding interfaces is challenging, we report the friction
force normalized by the contact area instead of the absolute
frictional values, aiming to qualitatively compare the agree-
ment between the experimental and simulation results.

As we mentioned in the experimental section, we will
also ignore the capillary effect on the change in the real
contact area. Such an assumption is based on our experi-
mental results showing that (see the inset of Fig. 3a) there
is no obvious correlation between adhesion and the age-
ing response AF within the middle range of humidity lev-
els (10-40% RH). Thus, in our model, we assume that the
change in adhesion force in our experiment is not large
enough to induce a significant change in the real contact
area of our silica-silica interface.

In addition, we also do not explicitly include the normal
pressure dependence on the activation energies [29, 70, 76,
99] in our current model. This assumption is validated by
our experimental results shown in and discussed for Fig. 6.

Other parameters used in our simulations are as follows.
Most are chosen based on the estimations from experi-
ments, but some are derived from theoretical predictions:
w,., =W, = 10"° Hz (a typical atomic vibrational frequency
is~ 1013 Hz), w, = 10° Hz (a typical AFM tip slip attempt
frequency is~ 10" Hz) [52, 951, f. ,.,=3.0 nN (experimen-
tally measured critical siloxane bond rupture force is ~2.9
nN) [90], Ax, .,;;=0.2 nm (maximum bond elongation of a
siloxane bond before rupturing is ~0.2 nm according to the
ab initio MD simulation), [100] f,, .;,=1.5 nN/nm? (an esti-
mation obtained from the AFM experimental measurement
that shows critical friction force of ~ 1-1.5 nN for a contact
area of ~ 1-10 nm?) [52, 95], Ax,, .;;=1.0 nm (a typical peri-
odicity of surface energy landscape estimated from the AFM
experiment is~0.1-1.0 nm) [52, 95], Ar=2X% 1077 s (a small
enough simulation time step for describing various types
of chemical reactions), M =10""! kg (an estimation based
on the AFM experiment) [52], n=4x1 0* kg/s (the smallest
damping coefficient considered in our previous model) [26],
and K =20 N/m (determined from the experimental lateral

force calibration). All the simulation results are obtained by
averaging over a sliding distance of at least 100 nm.

4.6 Multi-bond Simulation Results

The simulation results of our HD-APL multi-bond model are
shown in Fig. 10. The sliding velocity dependences of the
total kinetic friction, as well as the two major contributions
to the total kinetic friction, i.e., the bonding friction and the
intrinsic friction, at different humidity probabilities Ps are
shown in Fig. 10a, b, c, respectively. From Fig. 10a, we can
observe two qualitative trends that agree with experimen-
tal results shown in Fig. 3b: (1) the friction force depends
nonmonotonically on humidity, and (2) there are transitions
from velocity-strengthening to -weakening, and finally to
-strengthening again, as the humidity increases.

The non-monotonic humidity dependence results in peak
friction values appearing at the humidity probability P=0.5,
as shown in Fig. 10a. Examining the humidity dependence
of the bonding friction and the intrinsic friction shown in
Fig. 10b and c, it becomes evident that such non-monotonic
humidity dependence of the total kinetic friction is solely
attributed to the contribution of chemical bonding alone,
whereas the intrinsic friction decreases monotonically with
increasing humidity. The non-monotonic contribution from
bonding friction is due to the two competing effects from the
water molecules [34] implemented in our model, which can
(1) either promote interfacial chemical bonding by generat-
ing a larger number of reactive surface silanol groups and
reducing the bonding energetics, or (2) preclude interfacial
chemical bonding by separating the surfaces due to the pres-
ence of a thick water layer. In the previously reported experi-
ments [21, 60, 61], the highest friction values are obtained
in the range of 5-20% RH. At the same time, it was also
reported that on silica, a full monolayer of water molecules
can be obtained around 10% RH [101]. Assuming that a
similar water layer thickness remains at the sliding inter-
face, both our simulation and experimental results show that
the highest friction is obtained for the interfaces that are
considerably wet. Hence, our simulation results indicate the
importance of water molecules in activating the interfacial
chemical bonding at silica-silica interface.

The second trend, i.e., the transitions in the velocity-
dependence of friction as humidity increases, is also
observed in our simulation results as show in Fig. 10a.
According to our simulation results, the bonding friction
is always velocity-weakening (see Fig. 10b), whereas the
intrinsic friction is always velocity-strengthening (see
Fig. 10c). The transition occurs because the relative contri-
butions from velocity-weakening bonding friction (Fig. 10b)
and velocity-strengthening intrinsic friction (Fig. 10c)
change as the humidity probability P increases. Specifically,
both at low (P < =0.1) and high (P> =0.9) humidities, the
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Fig. 10 Multi-bond simulation results. a—¢ Velocity and humidity
dependence of total, bonding, and intrinsic friction per unit contact
area. The error bar represents the standard deviation from the five
independent simulations with different random seeds. d Ratio of

bonding friction is greatly suppressed. As a result, the total
friction is dominated by the intrinsic friction, showing a
strong velocity-strengthening trend. In contrast, in the inter-
mediate humidities (0.3 < =P < =0.7), the bonding friction
becomes much higher, and the velocity-strengthening trend
gradually transitions to velocity-weakening. The veloc-
ity-weakening in Fig. 10a is most pronounced at P=0.7,
where the friction decreased from 0.76 to 0.7 nN/nm? (~ 8%
decrease) within the velocity range of 500-5000 nm/s. Also,
at P=0.5, the friction decreased from 0.92 to 0.87 nN/nm?
(~5% decrease) within the velocity range of 500-5000 nm/s.
For comparison, in Fig. 3b, the experimentally measured
friction decreases from ~200 to~ 180 nN (~ 10% decrease)
within the same velocity range. Although exact agreement
between our simulations and experiments is not obtained
regarding the degree of velocity-weakening, our model
captures the two major qualitative trends observed in our
experiments, i.e., the non-monotonic humidity dependence
of kinetic friction and the transitions in the velocity-depend-
ence of kinetic friction as humidity increases. As we did
not globally fit our model to the experimental data, and the
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simulation parameters are selected to be physically justifi-
able (see Simulation parameters section for the detailed jus-
tification of simulation parameters), we regard such agree-
ments on the qualitative trends as noteworthy, affirming the
validity of the surface chemistry-related assumptions in our
computational model.

Interestingly, the simulation results show a consider-
ably stronger velocity-strengthening effect at the lowest
(P=0.02) and the highest (P =0.98) humidity probability
than the experiments at 1 and 60% RH. One possible rea-
son for the less significant velocity-strengthening effect in
experiments is that there is still a small amount of ageing
occurring at 1 and 60% RH, as detected in SHS experiments
shown in Fig. 3a. In contrast, interfacial chemical bonding
is highly suppressed in extremely dry (P=0.02) and wet
(P =0.98) conditions in the simulations, resulting in the
near-zero bonding friction at these humidities, as shown
in Fig. 10b. The small amount of ageing observed in the
experiments implies that the velocity-strengthening effect
from the intrinsic friction can be partially compensated by
the velocity-weakening effect from the bonding friction, and
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thus, the overall velocity-strengthening trend is less signifi-
cant than what simulations show.

Our simulation results further indicate that the reasons
for the low values of bonding friction at these two extreme
humidity probabilities are different. At P=0.02, the low
value of bonding friction arises because most of the reac-
tion sites are stabilized at SBS (in-plane siloxane bond),
which are non-reactive and do not form interfacial chemical
bonds during sliding. In Fig. 10d, the ratio of SBS sites (in-
plane Si—O-Si groups) to the total number of reaction sites
are plotted as a function of velocity at different humidity
probabilities. As it can be seen, during sliding at P=0.02
most of the reaction sites are of the SBS type, and thus, do
not directly participate in the interfacial chemical bonding
reactions. This is not the case at P=0.98, where most of
the SBS sites have been activated by the hydrolysis reaction
and became reactive PS sites. The reactive PS sites are read-
ily available for interfacial bond formation, and therefore, a
surface with more PS sites can potentially form more inter-
facial chemical bonds and have a higher bonding friction.
However, due to lubrication effect of a thick water layer, the
reaction kinetics for bond formation is substantially reduced
at the highest humidity probability. As a result, our model
predicts a significantly low bonding friction at P=0.98 as
shown in Fig. 10b. Therefore, our simulation results con-
firm the experimental results that the interfacial chemical
bonding contributes to the friction only within intermediate
humidity levels. The humidity level should be high enough
to promote the interfacial bonding reaction kinetics, but
should not be too high to physically separate the reacting
surfaces and preclude the interfacial chemical bonding.

5 Discussion

The variation of friction response with relative humid-
ity on hydrophilic surfaces like the plasma-cleaned SiO,
examined here has had a substantial history of study. In
many cases [58, 96, 102, 103], the response has been
attributed to the dynamics of capillary formation and
motion, rather than the interfacial bonding mechanism
proposed here and in earlier work. In Chen et al. [96],
for instance, a similar trend of velocity-weakening fric-
tion with increasing humidity in an SiO,—-SiO, contact is
observed. This is attributed to the influence of a capillary
whose inferred size varies with the sliding speed. Szosz-
kiewicz and Riedo [102] reach similar conclusions in the
context of a multi-asperity context, but in that case the
speed-dependence was attributed to the number of capil-
laries formed at nanoasperities within the nominal contact
area. Such nanocapillaries are assumed to be immobile and
break after some small translation of the contact; hence
new capillaries must be formed continuously, leading

to a speed-dependent steady-state population. Empirical
measurements of the size behavior of capillaries via adhe-
sion reach different conclusions, however. In Cassin et al.
[104], an AFM tip hovering over an SiO, sample surface
could detect the formation of a capillary via a change in
normal force on the tip. It was found that, indeed, capillary
formation was a thermally activated Arrhenius process,
but that after the size of the capillary grew from the initial
nucleation volume to the equilibrium volume, this volume
remained constant for all speeds below 100 um/s. It also
showed that, once formed, the capillaries were persistent
and could translate with the tip. Noel et al.[105], by meas-
uring the pulloff force of an AFM probe while sliding,
found a maximum speed of at least 10 um/s before capil-
lary size (or in the multi-asperity picture, the nanocapil-
lary population) began to vary. At higher speeds, Noel
et al. attributed the size variation to an activation bar-
rier for capillary growth, rather than nucleation as Chen
et al. concluded, which was influenced by local surface
inhomogeneities in chemistry and morphology. Inho-
mogeneities that raise this local activation barrier were
expected to be encountered more frequently at higher slid-
ing speeds. Since our results show strong velocity-weak-
ening at speeds as slow as 3 nm/s, variation in capillary
size cannot explain the velocity-weakening. Additionally,
the load-dependent friction in Fig. 5 shows a change from
velocity-strengthening to velocity-weakening with increas-
ing load. In the context of the capillary explanations, the
capillary size dependence on the load should be small and
velocity-weakening should be observed at all loads. Our
ageing trends in Figs. 2a and 3a cannot be due to capillary
growth since in Cassin et al. it was found this process was
complete within 10 ms, much faster than ageing times as
long as 100 s used in this study. Nucleation times were
similarly short in Cassin et al.’s study.

Additionally, a different study with heated AFM probes
in similar nanoscale SiO,—Si0, contacts observed strong
velocity-weakening even at high temperatures that pre-
clude the presence of a capillary meniscus [61].

In Chen et al. [96], they also observe a monotonic
increase in kinetic friction with increasing %RH while the
present study shows non-monotonic friction. This can be
rationalized by noting that Chen et al., among other dif-
ferences, performed their experiments at a higher average
contact pressure of 1 GPa than the present study with zero
applied load and an average contact pressure at high %RH
in the range of 700 MPa (although there is uncertainty
in this value given the apparent multi-asperity friction-
load scaling discussed earlier). Therefore, it is possible the
local pressures were sufficient in Chen et al. to displace
the ice-like water layer and eliminate the non-monoticity
in friction vs. %RH seen in the current study.
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6 Conclusions

We have shown that amorphous SiO,—-SiO, contacts can
exhibit a prototypical RSF response in ageing as well as
velocity-dependent kinetic friction. This response is mod-
ulated profoundly by the environmental humidity level.
At the lowest humidities, ageing was nearly non-existent
and the velocity-dependence was velocity-strengthening,
which we attribute to a lack of interfacial bonding. At
intermediate humidities, ageing was significant, and the
velocity-dependence was velocity-weakening across the
entire velocity range examined. Both of these effects are
attributed to water-assisted interfacial chemical bonding
across the interface. At the highest humidities, the amount
of ageing was again reduced, and the velocity-dependence
became velocity-strengthening again. This was attributed
to a water layer separating the two counterfaces, which
was supported by experiments showing that increasing the
applied normal load could squeeze water out of the contact
and reimpose a velocity-weakening regime.

Multi-bond simulations were performed to test scien-
tific hypotheses regarding physical phenomena responsi-
ble for the friction trends observed in our experiments.
Simulations incorporated humidity-dependent activation
barriers for interfacial chemical bonds and an intrinsic sur-
face energy corrugation. These simulations reproduced the
general trends in humidity- and velocity-dependent fric-
tion observed in the experiments. These trends include
the non-monotonic humidity dependence of kinetic fric-
tion at a given sliding velocity, and the transition from
velocity-strengthening to velocity-weakening friction, and
then back to velocity-strengthening friction, as humidity
increases. The experimental agreement supports the valid-
ity of hypotheses that underly the physics of these simula-
tions, namely (1) the catalytic effect of water molecules
on interfacial chemical bonding reactions, and (2) a lubri-
cation effect from a thick interfacial water layer at high
humidities that prevents interfacial chemical reactions and
reduces intrinsic non-bonding friction.

Our results demonstrate the importance of water to the
friction response at the asperity level in the silica-silica
system, and as such are relevant to understanding the tri-
bological response of systems ranging from earthquake
faults to microelectromechanical systems.
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