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Load and Velocity Dependence of Friction Mediated by Dynamics of Interfacial Contacts
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Studying the frictional properties of interfaces with dynamic chemical bonds advances understanding of
the mechanism underlying rate and state laws, and offers new pathways for the rational control of frictional
response. In this work, we revisit the load dependence of interfacial chemical-bond-induced (ICBI) friction
experimentally and find that the velocity dependence of friction can be reversed by changing the normal
load. We propose a theoretical model, whose analytical solution allows us to interpret the experimental data
on timescales and length scales that are relevant to experimental conditions. Our work provides a promising

avenue for exploring the dynamics of ICBI friction.
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Friction plays a central role in a broad variety of systems,
whose characteristic length scales and timescales vary
from those of molecular motors [1,2] and nano- or micro-
mechanical devices [1,3], to those relevant to transporta-
tion, industrial machines [4], and geophysical phenomena
[5]. The search for technological solutions to control
friction, and the related phenomenon of wear, has been
pivotal to the progress of humanity [6,7].

In recent decades, the development of highly sensitive
experimental tools, such as the atomic force microscope
(AFM) and the surface forces apparatus (SFA), has played a
fundamental role in advancing our understanding of friction
[8]. In particular, AFM-based approaches provide the
opportunity to probe the tribological behavior of single-
asperity-like contacts under diverse environmental and
operating conditions [3,9—15]. Such measurements have
often revealed unexpected frictional behavior that goes
beyond the predictions of the Prandtl-Tomlinson (PT)
model [14,16-20], which for decades has been the most
influential concept in the field of nanotribology [10,21,22].
These observations have stimulated a reconsideration of the
basic assumptions of the PT paradigm and led to the
development of novel, coarse-grained models, which
have yielded remarkable insights into nanoscale friction
[16,23-25], as well as wear [14,26,27] and tribofilm
formation [15].

In the present work, we focus on understanding the
mechanisms of an unexpected frictional phenomenon
observed in our lateral force microcopy (LFM) investiga-
tion of a silicon tip sliding against a silicon surface
immersed in an ionic liquid (IL). The experimental results
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showed a strong nonlinear variation of friction with normal
load (non-Amontons’ behavior) and a dramatic change in
the friction with respect to sliding speed for different
normal loads. We interpret our result based on the “multi-
contact” model (MCM) proposed by Filippov et al. [28]
and Barel ef al. [16]. We extend the MCM and derive an
analytical equation for the frictional force as a function of
both sliding speed and normal load, which agrees well with
the results of experiments.

Our experiments involved the frictional behavior of a
sharp, silicon AFM tip immersed in 1-ethyl-3 methylimi-
dazolium  bis(trifluoromethylsulfonyl)imide  ([EMIM]
TFSI), sliding against the (100) face of a O,-plasma-treated
silicon wafer (details of experimental setup and sample
characterization can be found in Sec. 1 of the Supplemental
Material [29]). All friction experiments presented here were
carried out at room temperature (298 + 2 K), under a
constant flow of nitrogen. This purging procedure allowed
us to reach a relative humidity (RH) value of 4 +2%. As
reported earlier [45,46] a substantial decrease of adhesion
was observed, in comparison with the values measured in
air (see Figs. S3 and S4 in the Supplemental Material [29]).

Our previous friction-vs-load experiments [46], carried
out under conditions analogous to those discussed in the
present work, pointed to a substantial increase in the
coefficient of friction y—defined here as the gradient of
the friction-vs-load curve—at an applied load of a few nN,
which was tentatively interpreted as an indication of the
stress-promoted formation and rupture of covalent bonds at
the sliding interface. In the present study, we delve further
into these observations and hypotheses by presenting
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FIG. 1. Dependence of friction on normal load and speed for a
silicon AFM tip sliding on the surface of a silicon (100) wafer
under [EMIM] TFSI. (a) The friction force as a function of
normal load, which was obtained by progressively decreasing the
load (35 to 0 nN), at a constant speed of 200 nm/s. (b) and
(c) The velocity dependencies of friction force measured under
normal load at 30.4 and 3.8 nN, respectively. All experimental
data shown in the figure were acquired with the same cantilever
(normal spring constant of 0.082 N/m) and silicon wafer, under a
continuous nitrogen flow (7' =298 + 2 K, RH = 4 £ 2%). The
lines are plotted to guide the eye.

additional experimental results, and use the extended MCM
to obtain a more detailed description of the frictional
behavior of a silicon-based nanoscale contact sliding in
the presence of a hydrophobic IL.

Figure 1 shows the dependence of friction on normal
load [Fig. 1(a)] and speed [Figs. 1(b)-(c)] measured by
LFM. Details of the LFM experiments are reported in the
Supplemental Material [29].

Figure 1(a) shows a strong nonlinear dependence of
friction with the normal load. The pronounced convexity of
the trend observed at low normal loads cannot be explained
by the assumption of the friction-contact area proportion-
ality, as projected by continuum-contact-mechanics models
[3,47-50]. Figures 1(b)-1(c) show the speed dependence of
friction under two different loads. Under high normal load
(30.4 nN), the friction decreases with increasing velocity,
while under low normal load (3.8 nN), the friction increases
with increasing velocity. A decrease in friction with
velocity has been also observed in previous AFM experi-
ments [16,51], and was correlated to the rupture and
reformation of molecular contacts, which can be repro-
duced by stochastic simulations based on the MCM. We
believe that the friction-load and friction-velocity behavior
observed in our experiments also originate from the rupture
and reformation of nanoscale contacts, and we propose an
extended MCM that includes the influence of applied load
on friction. Here, we consider the MCM of the kind

FIG. 2. Schematic of the multicontact model. k., and kg are
the rates for binding and unbinding, respectively. k;, and x are the
stiffness and elongation of a single bond, respectively. F is the
applied normal load.

depicted in the schematic representation, Fig. 2, which
describes the interaction between an AFM tip and the
underlying surface through an array of contacts represent-
ing molecular bonds, when a constant normal load Fy is
applied to the tip.

As shown in previous studies, it is assumed that the
rupture and reattachment of contacts are thermally activated
processes [16,25,28,52-55]. Additionally, when one of the
surfaces is laterally pulled over the other, the tensile force
acting on the interfacial contacts reduces the activation
energy necessary for contact rupture [16,28,54,56,57]. The
corresponding analytical expressions for the rates of for-
mation (k,,) and rupture (k) of contacts are the following:

kOl’l = kgne_[(AEon)/(kBT)]’

kg = kgffe_[(AEoff_Kbxsx)/ (ksT)] (1)

where k9, and AE,, are the attempt frequency and the
barrier height for the reattachment, k%; and AE g are the
characteristic attempt frequency and the height of potential
barrier for breaking a contact in the absence of the external
force, k;, and x are the stiffness and elongation of an intact
bond, x, is the minimum-to-barrier distance in the contact-
surface interaction [56,57], kp is the Boltzmann constant,
and T the absolute temperature.

The resistance force experienced by the tip (“steady-state
friction”), resulting from the elastic stretching of intact
(unbroken) bonds in the lateral direction can be expressed
analytically [58,59] as

B
NkB_T ronBe Q(B) (2)

X 1 + ronBeBEl(B) '

Fsingle ( B) —

where the superscript “single” is used to emphasize that all
the contacts belong to the same type—i.e., they are chara-
cterized by the same set of kinetic parameters, N is the total
number of contacts, and ro, = (k3,/k%;) exp{[(AE ;—
AE,,)/kgT]} is the ratio between k., and k. E|(B) =
Rt 'e'dt is the exponential integral  and
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O(B) = [t 'e B! Intdt, where B = (kpT/Kkyx;V)kOx
exp(—AE/kgT). The details of the derivation of Eq. (2)
can be found in Sec. 5.1 of Supplemental Material [29].

In Eq. (2) we include temperature effect explicitly—this
equation agrees well with the results of direct stochastic
simulations over a broad range of pulling speeds and
temperatures [16]—and has proven to be useful to gain
insights concerning the dependency of frictional response
on temperature and sliding speed [16,23,60-62]. In the
following, we extend the model to consider the effect of
normal load on friction.

We first notice that increasing normal load leads to an
enlargement of the contact area by elastic deformation,
which translates into an increase of the number of reaction
sites available for contact formation. Second, we consider
the possible role of contact pressure on the kinetics of
interfacial-bond formation. In this respect, several authors
have recently proposed that the effect of applied load on
single-asperity tribological phenomena, such as frictional
aging and atomic attrition [14,20,26,63], can be rational-
ized by considering the dependency of activation energy of
the bond formation process on the contact pressure of the
type AE,, = AEY, — pV,, where AEY, is the activation
energy for bond formation at zero pressure, p is the contact
pressure, and V, is a parameter that is usually interpreted as
the activation volume [14,20,26].

2 ngra® kgT Q(B)

FSS(FN,V;no,Va’...): x2 ;
0 s

where,  xy = po(Fn)V./kgT  and
0) BeBE|(B) and Li,(z)
logarithm [65].

The asymptotic expansion of Eq. (4) shows that at
sufficiently high loads, friction force scales as F ~ Fa by 3,
i.e., it shows the same dependency on load as that predicted
by Hertzian theory for the contact area. At sufficiently low
normal loads, the model predicts a dependency of the type
Fy~F N/ , which differs significantly from the predictions
based on Hertz contact theory.

Figure 3 illustrates the normal load and speed depend-
ency of friction predicted by Eq. (4) for parameters listed in
the caption of Fig. 4 (see also Table SI in the Supplemental
Material [29]) for the primary contacts. To better portray
asymptotic behaviors of friction, numerical calculations are
reported over a broad range of normal loads and speeds. In
reality, extreme values of speed or load may be unattainable
in LFM experiments, or they may lead to the occurrence of
additional mechanisms that cannot be considered by the
model, such as frictional heating and plastic deformation.

Figure 3 demonstrates that the extended MCM captures
the nonlinear dependence of friction on the normal load
found in our experiments, but fails to describe the observed

D =ry (p =
= — [§r'In(1 —1)dr is the di-

£, (B) [xoIn(1 + De*) —

We include both these effects in our extended MCM, and
further assume that the deformation of the asperity against
the flat can be described by the Hertzian contact theory
[64]. Accordingly, the radius of the contact area and the
distribution of the contact pressure is expressed as a =
(3R Fy/4E")'3 and p(r; Fy) = po(Fy)(1 = r?/a*)'/?,
respectively. Here, po(Fy) = 3Fy/2na’> is the normal
stress at the center of the contact area, E* is the effective
Young’s modulus of the contact: 1/E* = (1 —v3)/E +
(1 —13)/E,, and v| and v, are the Poisson’s ratios of the tip
and the surface, respectively. A discussion of the limitations
of our model can be found in Sec. 5.3 of the Supplemental
Material [29].

For a uniform distribution of binding sites within the
contact area, their radial density distribution can be written
as p(r) = ng2zr, 0 < r < a. Under the above conditions
and Eq. (2), the friction force accounting for a distribution
of activation energies AE_, can be calculated as

_ a kT BePQ(B
F :n0271'/ r=2- Ton D€ g< )
0 X 1_~_r0nBe EI(B)

dr.  (3)

Then, after integration, we arrive at the following
equation for the steady-state friction force:

Liy(=D) + Liy(—=De™)], (4)

|
dramatic effect of normal load on the speed dependence of
friction. Specifically, the MCM predicts similar speed
dependencies of friction in both the low- and high-load
regimes [see Fig. 3(b)], which contrasts with our
observations.

On the other hand, it should be noted that the simplified
model considered in Fig. 2 accounts for a single type of
interaction between sliding counterparts. In reality, multiple
dissipative mechanisms may contribute to the overall
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FIG. 3. Friction force as a function of normal load for different

sliding speeds (a), and of sliding speed for different normal loads
(b). The curves are predicted by Eq. (4) using the parameters
listed in the caption of Fig. 4 for the primary contacts.
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FIG. 4. Comparison of theoretical results and the experimental
data from in Fig. 1. Dependence of friction on normal load (log-
log) (a) and speed (semilog) (b)—(c) for a silicon AFM tip and the
surface of a silicon (100) wafer under [EMIM] TFSI. Panel
(d) illustrates the number of intact contacts [N, see Eq. (S9) in
the Supplemental Material [29] ] as a function of normal load.
Experimental data are represented by black squares. The red solid
line is the fitting curve obtained from Eq. (5). The orange dash-
dotted line and blue dashed line represent the contribution to
friction force of primary and secondary contacts respectively.
Fitting parameters for pnmary contacts: on =0.87 eV, Ef)ff =
0.78 eV, Kb =10 N/m, n0 =7.92 nm~2, and VL =432 A3,
Fitting parameters for secondary contacts are EN = 0.04 eV,
El =058 eV, =1 N/m, nll = 1 nm™2, and VIl = 24.5 A°.
Other parameters are identical for both types of contacts:
kgn:kgfleOBHz, x;=0.2nm, R4, =40 nm, E* = 35.3 GPa,
and T = 298 K.

friction. The dramatic change of the friction-velocity
behavior in low- and high-load regimes observed in our
experiments may suggests that two types of mechanism
contribute to friction. Within the framework of the MCM,
each one can be modeled by a distinct set of contacts, type |
and II in the following. Assuming that these two contri-
butions have independent binding sites, the corresponding
MCM can be expressed as

rtot __
Fss -

Fss(FN7V ”07VI Egninff’K}y)
+ F (FN,V;nO,VE,,Egn,Egﬂ, ) (5)

In Eq. (5) the functions F“(FN, Vind, VL EL L EL e k])
and F(Fy, V;inll, VL, ES | EL. «ll) are both described by
Eq. (4); the apex I and 1II refer to the two types of contact,
each one characterized by a set of parameters, which are
described above.

Figure 4 displays the results of fitting the experimental
data using Eq. (5), with the simulation parameters reported

in its caption and Table SI in the Supplemental Material
[29]. A discussion of the physically motivated constraints
on the fitting parameters and the details of the fitting
procedure can be found in Sec. 6 of the Supplemental
Material [29].

The “primary” (type I) contribution, represented by the
orange dash-dotted line in Fig. 4, captures the experimental
behavior observed for sufficiently high applied loads
[>10 nN (~1.1 GPa), see Fig. 4(a)] and low speeds
[<10® nm/s, Fig. 4(b)]. Interestingly, the energy barrier
for bond formation obtained by fitting the experimental
datais 0.87 eV (see the Supplemental Material [29]), which
is located within the range expected for forming a siloxane
bond (Si-O-Si), as estimated from kinetic Monte Carlo
simulations (0.68-1.3 eV) [20]. In addition, the estimated
energy barrier for breaking primary contacts obtained with
our model is 0.78 eV, which is also in the range of 0.32—
1.27 eV obtained by a number of classical MD and ab initio
simulation methods [66] for breaking a siloxane bond. This
comparison suggests that, under sufficiently high applied
loads and low speeds, the measured friction is mainly due
to the formation of interfacial covalent bonds, possibly
siloxane bridges. Our simulations show [see Fig. 4(d)] that
the number of strong contacts in the bound state is
negligible for loads below 10 nN (~1.1 GPa), indicating
that the primary contacts do not form in the low-load
regime.

The introduction of a “secondary” (type II) contact (blue
dashed line) significantly improves the agreement between
the model and the experimental results over the entire range
of loads and speeds investigated in this study. Notably, in
order to reproduce the trend observed in Fig. 4(c), the
formation of the secondary contacts is expected to be a
weakly activated process (AEYL, ~ kgT), such that the rate
of contact formation approaches the attempt frequency k9,
and the speed dependence of friction is determined by the
detachment of the weak contacts. The above statement can
be proven analytically: for B < 1 and D > 1 [see Eq. (4)]
the asymptotic expansion of Eq. (4) shows that the friction
force scales as F ~ Q(B)/E;(B)F} ZInV. The
logarithmic dependency of friction on speed found under
these conditions is comparable to the trend commonly
predicted by PT-like models [22]. By comparing Figs. 3(b)
and 4(d), we found a qualitative difference between the
speed dependence of friction for a single type of contact
[Eq. (4)] and two types of contact [Eq. (5)]. For a single
type of contact, the friction force first increases and then
decreases with increasing velocity, while for two types of
contact, the behavior is more complicated, the friction force
first increases and then decreases with increasing velocity,
as the velocity grows it increases again. This qualitative
difference might be exploited for identifying whether the
type of contact is single or not.

In our experiments, both the silicon surface and the
silicon AFM tip are hydroxylated (see details of surface
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characterization in Sec. 1 of the Supplemental Material
[29]), so we expect the formation of siloxane bonds
between the silanol groups under conditions leading to
direct contact between counterparts. As discussed above,
the similarity between the values of the fitting parameters
used for modeling rupture and reattachment of primary
contacts (see the Supplemental Material [29]), with those
reported in references for the description of frictional aging
of nanoscale silica surfaces [19,20,66], point to a similar
microscopic origin for these phenomena, substantiating our
hypothesis.

Although the contribution due to rupture and reattach-
ment of secondary contacts is most probably related to
noncovalent, weakly activated interactions, gaining detai-
led understanding of the molecular nature of those inter-
actions is challenging.

Intermolecular forces (i.e., van der Waals and hydrogen-
bond interactions) between opposing silica surfaces might
be expected if the AFM tip penetrates the liquid layer over
the entire range of normal loads accessible in this work. On
the other hand, SFA-based experiments have demonstrated
that a film of ILs confined between mica counterparts
resists squeezing out up to at least ~1 MPa of contact
pressure [67—70]. The presence of a confined—boundary
—film of ionic liquid has been assumed in a number of
LFM-based investigations on IL-mediated lubrication [71-
73], although, typically, the AFM technique cannot provide
unambiguous information concerning the absolute separa-
tion (i.e., the presence of a boundary layer) between solid
counterparts.

With the above discussions, we can propose a physical
picture for the experimental observations reported in this
work. For sufficiently low normal loads (<10 nN), sliding
is likely to occur between adsorbed ions located between
the tip and the surface [see Fig. 4(d)], leading to a PT-like
dependency of friction on speed, and a slow increase of
friction with normal load. When the normal loads become
sufficiently high (>10 nN), the IL between the counterparts
is then squeezed out, exposing silanol groups on the
surfaces. As a result of stress-promoted, thermally activated
rupture and reattachment of interfacial covalent (siloxane)
bonds, the friction force is expected to decrease with sliding
velocity over the investigated range of loads, and to grow
with normal load much faster than in the case of the low-
load regime. Although the MCM assumes that the two
types of contacts can form independently, the contributions
of the primary and secondary contacts to the friction force
are negligible in the low-load and high-load regimes,
respectively [see Figs. 4(b)—4(c)]. Under these conditions,
the predictions of the model are essentially equivalent to
those expected for the physical picture described above.

In conclusion, we have shown that the frictional proper-
ties of SiO,-based contacts lubricated with a hydrophobic
IL can be properly described by an extended MCM
that includes two distinct types of interfacial contact.

The outcomes of the model suggest that the stress-assisted,
thermally activated formation and rupture of interfacial
contacts dominate the frictional behavior at sufficiently
high contact pressures; the contribution of weaker and
nonactivated interactions prevails for low loads and high
speeds, as the contribution due to the covalent bonds
becomes negligible.

The analytical solution provides a framework for the
interpretation of the experimental data on the time and
length scales relevant to tribological experimental condi-
tions, which is generally impractical when using numerical
simulations. Our work provides a promising avenue for
further exploration of the normal load and velocity depend-
ence of friction at interfaces involving dynamic bond
formation and rupture.
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