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Kinetics of Capillary Condensation in Nanoscopic Sliding Friction
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The velocity and humidity dependence of nanoscopic sliding friction has been studied on CrN and
diamondlike carbon surfaces with an atomic force microscope. The surface wettability is found to be
decisive. Partially hydrophilic surfaces show a logarithmic decrease of friction with increasing velocity,
the slope of which varies drastically with humidity, whereas on partially hydrophobic surfaces we confirm
the formerly reported logarithmic increase. A model for the thermally activated nucleation of water
bridges between tip and sample asperities fully reproduces the experimental data.
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Sliding friction is an everyday life issue, and its univer-
sal nature emerges from the great variety of industrial pro-
cesses and natural phenomena in which it plays a central
role [1,2]. The fundamental understanding of sliding fric-
tion and adhesion forces is crucial in fields as widespread
as earthquake dynamics [1] and preplanetary dust aggrega-
tion [3]. With the miniaturization of moving components
in many technological devices, such as microelectrome-
chanical systems and hard disks, it has become of primary
importance to study surface forces such as friction, vis-
cous drag, and adhesion at microscales and nanoscales.
Compared to its scientific and technological importance,
only little is known about the mechanisms giving rise to
the observed velocity dependence of nanoscopic friction
[1,4-12]; in particular, the role played by humidity in this
dependence has not yet been highlighted.

Current literature results on the velocity dependence of
nanoscopic friction are highly controversial. Experiments
performed under ambient conditions reported a manifold
of material dependent behaviors, going from a logarith-
mic increase of friction force with increasing velocity all
the way down to a steep logarithmic decrease [12]; also
no variation at all has been reported [13]. Experiments
carried out under ultrahigh vacuum (UHV) [5], as well
as under controlled atmosphere [6], showed a logarithmic
increase of nanoscopic friction. The origin of these dif-
ferent velocity dependencies is far from being understood.
The logarithmic increase under UHV and controlled atmo-
sphere has recently been attributed to a temperature depen-
dent stick and slip motion [5,6]. While this attribution may
require further substantiation, it is certainly better under-
stood than the wealth of behaviors observed under ambient
conditions. It has been suggested that under ambient con-
ditions capillary forces could play a role [12]; however, the
experimental proof of this idea and a quantitative model of
capillary condensation explaining all observed velocity de-
pendencies of sliding friction were thus far lacking.

In this Letter, we demonstrate that the forces in sliding
friction are determined by the superposition of two com-
petitive phenomena, both having logarithmic velocity de-
pendence, but with opposite slopes. The first is stick and
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slip motion giving rise to a logarithmic increase of fric-
tion with increasing velocity. The second is due to the
kinetics of capillary condensation of water vapor in the
contact area between the two sliding bodies and causes a
logarithmic decrease of friction with increasing velocity.
Consequently, the degree of wettability and the ambient
humidity determine whether one or the other dominates
and whether the overall slope is positive or negative. In
line with this idea, we observe that the slope can be varied
substantially by changing the relative humidity. We present
a model which perfectly reproduces the measured humid-
ity and velocity dependence of the sliding friction on par-
tially hydrophilic and hydrophobic surfaces. Furthermore,
this model enables access to the microscopic quantities in-
volved in capillary condensation via measurement of the
sliding friction force.

For our study, we selected samples customarily used in
hard coating technology where small friction forces are
required. The samples were CrN [14] and diamondlike
carbon (DLC) films [15]. The CrN films have been de-
posited at 24 °C (LT-CrN) and 500 °C (HT-CrN) substrate
temperature [14]. The different growth temperatures lead
to a different wettability as evidenced by static water con-
tact angles of 6. = 93° (LT-CrN) and . = 45° (HT-CrN)
[16]. These values are commonly associated with more
hydrophobic and less hydrophobic surfaces, respectively.
For contrast, we chose the expressions partially hydropho-
bic and partially hydrophilic throughout this Letter. DLC
is partially hydrophobic with 6. = 85°. While the DLC
films are extremely smooth, the CrN films are rough for
both growth temperatures (the root mean square rough-
nesses on 1 um? for DLC, LT-CtN, and HT-CrN are 0.2,
5.5, and 3.7 nm, respectively) [15].

The friction forces and the surface topography of the
films were investigated at room temperature by means of
an atomic force microscope (AFM) (AutoProbe™ MS5).
For humidity control, the AFM was placed in a tight
box with inlets for dry and water saturated nitrogen. We
used V-shaped silicon cantilevers, and silicon conical tips
[17]. The normal and friction forces, Fn and FF, are pro-
portional to the normal and the lateral deflections of the
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FIG. 1. (a) Fr as a function of sliding velocity for partially

hydrophobic surfaces. Main figure: DLC at relative humidities
P/Ps = 0.34 and 0.65 (P is the vapor pressure and Pg the
saturated vapor pressure). Inset: LT-CrN films at P/Ps = 0.65.
(b) Fr(v) for a partially hydrophilic surface (HT-CrN) at
P/Ps = 0.01 and 0.34. In (a) and (b), Fy = 12.2 nN.

cantilever which are recorded simultaneously. We define
Fx = 0 nN at the point where the cantilever is not bent.
Force calibration was achieved by calculating the normal
and torsional spring constants, k, and k;, from the can-
tilever geometry, the thickness being inferred from the
resonance frequency [18,19]. The spring constants ob-
tained in this way are k, = 0.35 = 0.05 N/m and k, =
75 = 10 N/m. Our knowledge on k, and k, determines
the absolute accuracy of the measured forces; however,
their relative changes were determined more accurately by
using the same cantilever throughout a series of experi-
ments. The velocity dependence of friction was inves-
tigated in varying the scan frequency at fixed size. We
verified that varying the scan size at constant frequency
yielded consistent results.

The velocity, v, dependence of friction force Fg is
shown in Fig. 1. For all samples and humidities, there is a
linear variation of Fg with In(v), expressed as follows:

Fr = Foy + FiyIn(v[pum/s]), (1)
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TABLE I. Results from the line fits shown in Fig. 1.
DLC LT-CtN HT-CtN
P/Ps 0.34 0.65 0.34 0.01 0.34
Fiy [aN] 035(2) 0.23(2) 0.42(1) -0.29(4) —1.00(5)
Foo [nN] 7.9(1) 8.54(4) 9.20(3) 8.4(1) 12.6(2)

where F, is the slope and Fy, the intercept of the line fits
shown in Fig. 1. The logarithmic variation of Fg with v
is in agreement with literature [5,6,12]. However, our re-
sults show that the sign of the slope is determined by the
wettability of the surface. Partially hydrophobic surfaces
are characterized by positive slopes, whereas dFg/d Inv
is negative on partially hydrophilic surfaces. The impor-
tance of surface wettability and relative humidity in sliding
friction is evidenced particularly clearly, and for the first
time, by the observation that the slope on the very same
sample can be varied by changing humidity. As expected,
this variation is larger (up to a factor of 3, see Fig. 1b) for a
partially hydrophilic sample than for a partially hydropho-
bic one (Fig. 1a). In both cases, the effect of a humidity
increase is to add a negative value to the slope (see Table I).
First insight in the origin of the slope variation can be
gained from Fig. 2, showing the humidity dependence of
sliding friction for HT-CrN films. Friction forces increase
with relative humidity in the way expressed by the follow-
ing empirical law:
1
FF=F()p +F1PT' (2)
In P
The data reported for native oxide covered Si(100) in

Ref. [12] equally obey Eq. (2), as seen in the lower inset
[20]. Both surfaces are partially hydrophilic. Our HT-CrN
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FIG. 2. Ff as a function of P/Pg at v = 10 um/s and dif-
ferent normal loads for HT-CrN films. The solid lines represent
linear fits to the experimental data with Eq. (2). The insets show
Fr(P/Ps) for DLC and native oxide covered Si films.
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TABLE II. Results from the linear fits in Fig. 2 for HT-CrN.
FN [IIN] Flp [IIN] FOP [IIN]
14.0 4.7(4) 4.8(6)
10.5 4.3(2) 4.0(3)

7.0 4.4(2) 2.3(3)

data reveal further that the slope Fjj, is almost unaffected
by the normal load Fn, whereas the overall friction force,
i.e., the offset Fy,, increases with load (see Table II). On
the partially hydrophobic DLC surface, FF is largely inde-
pendent of humidity (see upper inset).

The observed variation of the friction force with humid-
ity can have two origins. It can be due to a variation of the
adhesion force or to a variation of the friction coefficient,
. The relationship between friction and normal forces is
for a multiasperity contact [1,21]:

Fr = w(Fx + Faan) . (3)

Our Fr versus Fy measurements on HT-CrN films confirm
the linear behavior expressed in Eq. (3) at various humidi-
ties. As shown in Table III, w at fixed velocity remains
largely unaffected by changing humidity; hence, the vari-
ation of friction forces with humidity can almost entirely
be attributed to the variation of adhesion forces.

In order to explain the observed behavior, we developed
a model which fully reproduces Egs. (1) and (2) and estab-
lishes a relationship of the appearing quantities Foy, Fiv,
Fop, and Fy, with the microscopic parameters involved.
We first consider two perfectly smooth surfaces, namely, a
spherically shaped tip and a flat sample in mutual mechani-
cal contact. In the presence of humidity, F,gn is the sum of
the capillary force F., due to the Laplace pressure of the
water meniscus forming between the tip and the sample,
and the direct adhesion Fgg of the two contacting solids
within the liquid [8,22]:

Fan = Fes + Fec. 4)
For a spherically shaped meniscus, F. can be written as
F. = 2wR,y(cos; + cosb,), (5)

where R; is the tip radius, v is the surface tension of water,
and 6 and 6; are the static contact angles of the sample and
the tip, respectively. From inspection of Eq. (5), it is clear
that F. and with it Fyqn have no humidity dependence.
Hence, on perfectly smooth surfaces, one expects two dis-
crete humidity regimes, each with constant friction force.
For small humidities, there is no meniscus and F,gn = Fs,
and from a certain threshold humidity on a single meniscus
forms giving rise to a larger but constant adhesion force. If

TABLE III. Results from the fits to our data with Eq. (3).
P/Ps “ Faan [nN]
0.12 0.44(3) 2.7(7)
0.44 0.45(1) 15.5(2)
0.68 0.40(2) 23.5(5)
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one considers surface roughness, however, there may arise
a pronounced and continuous humidity dependence.

Our starting point is a model developed by Bocquet
et al. in order to explain the observed increase of macro-
scopic static friction with the time during which two solids
remain in contact [23]. Everybody has experienced that the
stability of sand castles increases when the wet sand is
pressed into shape for a longer time. In the cited model, the
number of capillary bridges forming between the solids
increases with the contact time, giving rise to an increase
in adhesion force and in the strength of static friction.
We propose that a similar effect can be observed in the
dynamic case of sliding friction and at a nanoscopic scale.
We consider first the length scale for capillary condensa-
tion. The Kelvin radius, Ry, is the radius of curvature
of a water meniscus at equilibrium [22] (see Fig. 3).
Under ambient conditions Rx is about 1 nm [22], and, as
a consequence, liquid bridges are able to condense only in
nanometer-scale interstices. In the situation represented
in Fig. 3, one gap of height & defines the volume of a
potential liquid bridge V = hA, where A is the bridge
cross section which we consider as a constant for sim-
plicity. The condensation of such a liquid bridge costs
a threshold free energy AE(h) = kgT In(Ps/P)hAp,
where p is the molecular density of the liquid in units
molecules/m>®.  Assuming an activation process, the
time needed to form a bridge of height h is 7(h) =
ta exp[AE(h)/kgT], where 4 is the condensation time
of a liquid monolayer. From ¢(h), we can find the
maximum height where a liquid bridge can form after
a time f, hmax (1) = In(t/t2)[In(Ps/P)Ap]~'. Because
of roughness, nucleating sites exhibit a broad height
distribution and only a fraction f(r) of the total number
of liquid bridges is indeed formed at a given time. To a
first approximation, the fraction of nucleating sites with
h < hmax is equal to f(f) = hpmax (£)/A, with A being the
full width of the interstitial height distribution [23].

With surface roughness taken into account, the capillary
force becomes a continuous function of the time the sliding
surfaces spend in contact, and F. in Eqs. (4) and (5) gets
multiplied by f(z). Upon sliding of two surfaces on top
of each other with velocity v, the residence time of a
contact with diameter d is = d/v. As sliding velocity is

FIG. 3. Capillary water bridges with height &, forming in the
contact area, with diameter d, between the AFM tip and the
sample. The tip, capillary, and Kelvin radii are R,, R., Rk,
respectively; the cross section of the capillary bridges is A.
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decreased, there is a continuous increase of the number of
capillary bridges forming in the area of contact.

We discussed above that the overall friction force is
given by superposition of the stick and slip related increase
and the capillary condensation related decrease of friction
with velocity. The first gives rise to a term m In(v/vg),
with m > 0 and vp being a characteristic velocity [5,6],
and the second contribution is obtained from combining
Egs. (5) [multiplied by f(¢)] (4), and (3). This yields the
following for the total friction force:

Fp = p(FN + Fy) + plFef(0)] + mln<i>

= uw(Fy + Fs) — p[27R y(cosfs + cosby)]
1 1
X <— - >1nl + m1n<l>, 6)
Mp %) va B

where v, is defined as d/ra. One recognizes the In(v)
dependence at constant P/Pg and the 1/ In(Pg/P) depen-
dence at constant v; thus Egs. (1) and (2) are reproduced.
Furthermore, the model establishes a relationship between
measured slopes and intercepts and microscopic quantities
as the cross section and the condensation time of a capil-
lary bridge, or as the static contact angle of the AFM tip.
By combining the measured static contact angles of the
various samples with the results shown in Tables I and II,
we can determine the values of the following parameters:
F./AAp, va, and m (see Table IV).

It is seen that the slope due to stick and slip motion
is roughly identical for all samples. The characteristic
velocity for capillary condensation v, is identical on all
samples and leads with d = 10 nm (as estimated from R;,
see below) to an experimental estimate of the condensa-
tion time for one liquid layer o = d/va = 25 ws. It has
been anticipated that this time should be of the order of
microseconds [23], but, to our knowledge thus far, there
existed no experimental estimate of this number. The hy-
drophobicity of the AFM tip can be estimated from the ra-
tio between F./AAp on DLC and on HT-CrN. This ratio
equals (cosfpLc + cosf;)/(cosOyt.cin + coshy) leading
to 8, = 90°. This is higher than expected for a native ox-
ide covered Si tip and is close to the one of clean Si. This
finding is consistent with Ref. [8] and may be indicative
of partial oxide removal during sliding. Since there is only
a finite number of capillary bridges that can be formed for
a given contact diameter and roughness, the friction force
must saturate upon increase of humidity for a given ve-
locity or upon decrease of velocity for a given humidity.
We confirm this saturation, e.g., for HT-CrN, where we
find that Ff saturates at P/Ps = 0.75 for v = 10 um/s;
we equally expect saturation for v = 1 nm at P/Pg =
0.34. The observed saturation value can be used to es-
timate the cross section of a liquid bridge A; assuming that
A = 1 nm, we get A = 0.4 nm?. Finally, we can estimate
the radius of curvature of the AFM tip from knowledge of
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TABLE IV. Comparison of Eq. (6) with Tables I and 1II.

DLC LT-CrN HT-CrN
F./Ap [N] 0.3(1) 0.2(1) 3.02)
m 0.39 0.33 0.30

va [um/s] 400(50) 400(50) 400(50)

A, F./AAp, and v,. We consistently find R, = 100 nm
for each of the surfaces.

In conclusion, we showed that for partially hydrophilic
and nanometer-scale rough surfaces friction decreases log-
arithmically with the scan velocity, whereas for partially
hydrophobic surfaces nanoscale friction increases with ve-
locity. The experimentally found logarithmic variations of
friction force with sliding velocity and relative humidity
have been fully explained with a model based on the ki-
netics of capillary condensation.
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