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Abstract

The influence of sliding velocity on the friction force in a nanoscopic contact was studied on a hydrophilic silicon nitride surface with an
Atomic Force Microscope. By submitting a nanoscopic contact to small oscillating lateral displacements, we observe both decreases of the friction
force and of the contact radius with an increase of the sliding velocity. We found experimentally that this decrease of the friction force and of the

contact radius is correlated to a decrease of the capillary force.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Friction is an everyday life issue in industrial processes
and natural phenomena [1,2]. It is involved in a great variety
of fields like for example, granular media, earthquake
dynamics or Micro ElectroMechanical Systems (MEMS).
Nevertheless, the fundamental understanding of friction at
the nanometer scale is actually too poor in front of the
scientific and technological stakes. From a technological
point of view, the development of nanotechnologies leads to
the miniaturization of moving components for which the
surface interactions (adhesion, friction and wear) become of
primary importance. The development of Atomic Force
Microscopy (AFM) has opened new possibilities for inves-
tigations of friction, adhesion and wear at nanometer scale
[3]. The sliding velocity dependence of friction has been
studied leading to contradictory results: Logarithmic
increases or decreases of friction with the sliding velocity
have been reported [4—8]. Recently Riedo et al. [§]
suggested that the logarithmic dependence of friction to
sliding velocity was due to two opposite phenomena. The
first one is due to stick—slip motion, which gives a
logarithmic increase of friction with an increasing sliding
velocity [4,6]. The second one is due to the kinetics of
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capillary condensation of water vapor around the contact
area, which causes a logarithmic decrease of the friction with
an increasing sliding velocity [8].

2. Capillary condensation

When two surfaces are close together in the presence of a
vapor under saturation, water (or any other liquid) may
condense to form a liquid bridge between the two surfaces
[9]. At the equilibrium, the surface curvature of the meniscus is
imposed by the Kelvin radius Ry:
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where Ry, and Ry are the minimum and maximum
curvature radius of the meniscus. In the case of a meniscus
between two parallel solid surfaces, the curvature radius is
minimum (R, <0) along the planes perpendicular to the solid
surfaces and maximum (R, >0) along the planes parallel to
the solid surfaces (Fig. 1). When the meniscus increases in size,
Ryax tends to infinity and Ry, tends to the Kelvin radius: The
maximum height of this capillary bridge is then twice the
Kelvin radius. At fixed temperature 7, the Kelvin radius
depends only of the relative humidity H:
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Fig. 1. Surface curvature of a capillary meniscus. A minimum curvature
(Rmin<0) and a maximum curvature radius (Ryax>0) describe the surface
curvature of the meniscus. The average curvature radius of the meniscus is
equal to the Kelvin radius (Rg): R Y= Ry "+ Ryviax

where )1y is the surface tension, V7 is the molar volume and R
is the universal gas constant. The difference in pressure Ap
between the liquid and its vapor is then:

_nw
Ap—RK. (3)

Fogden and White [10] and independently Maugis [11]
have investigated the influence of the capillary force on an
elastic sphere/sphere contact. They found that, for rigid
materials, the depression inside the meniscus was too low
to influence the geometry of the contact, which remains
Hertzian [12]. The capillary force F¢ just acts as an extra load
that adds to the applied load F as suggested by Derjaguin et
al. [13]. The total applied load Fr is then the sum of the
applied load F, the capillary force F'c and others forces like
for example the van der Waals force F' qw. The capillary force
Fc is proportional to the wet area Aw:

Fe = AwAp = Ay 22X (4)
K
For a contact between two flat spheres, the ratio Aw/Rx and
then the capillary force is independent of the relative humidity
and is equal to

Fc = 4nR 7y ycosl (5)

where R is the radius of the sphere and 6 is the static water
contact angle of the meniscus. This equation is misleading in a
nanoscopic contact, because the surface (typically in the nano-
meter range) is generally high compared to both the Kelvin
radius and the indentation depth. Few publications clearly show
that the capillary force is highly dependent on the relative
humidity. Typically, for hydrophilic rough surface, the capillary
force is maximum for a relative humidity of 20—40% [14,15].
Capillary condensation is a thermally activated process. It
has been shown that for a constant relative humidity, the
cohesion force of a granular media, by means of the maximum
stability angle, is time-dependent [16,17]. The maximum
height of water meniscus is twice the Kelvin radius. The
Kelvin radius is in the nanometer range, for a relative humidity
of 30% the Kelvin radius is equal to 1 nm. Water can only
condense in nanometer-scale interstices or around the contact
points. The presence of asperities on the two surfaces in contact
generates nucleating sites for capillary bridges. At a given rest
time only an increasing fraction of them is formed: The
capillary force, which is proportional to the wet area, increases

(Fig. 2). When sliding occurs, the residence time depends of
the sliding velocity and then the wet area and the capillary
force decreases with the sliding velocity [8]. Nevertheless, only
little evidences of the decrease of the capillary force with the
sliding velocity have been pointed out [15]. The aim of this
paper is to show experimental evidences of the decrease of the
capillary force with an increasing sliding velocity. We first
investigated the nature of the contact. We show that in our
experimental conditions, the roughness of the surface is small
in front of the indentation depth and that the contact is close to
a single asperity contact. Then, we investigated the friction
dependence to velocity. Experimental results show that the
friction force and the contact radius decrease with an increasing
velocity. We demonstrate that the decreases are the result of a
decrease of the capillary force. At last, we will show a direct
evidence of the decrease of the capillary force with an
increasing velocity.

3. Experiments

Experiments were performed with a commercial Atomic
Force Microscope in contact mode (Dimension 3100, Nano-
scope Illa from Digital Instruments). Silicon nitride probes
were used (DNP, Digital Instruments), the nominal curvature
radius of the probe is 20 nm and the nominal stiffness of the
cantilever is 0.58 N/m. The probe was brought in contact with
the surface of a silicon nitride cantilever chip. The probe and
sample surfaces have the same chemical and mechanical
properties. The mechanical properties of the silicon nitride
were measured by nanoindentation (Nanoindentor XP, MTS
Systems). The hardness is equal to 25 GPa and the elastic
modulus is equal to 140 GPa in good agreement with the
literature [18]. The surface is hydrophilic, the water angle is
equal to 30°. Experiments were performed under lab condi-
tions. The relative humidity (typically 50—60%) was measured
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Fig. 2. Schematic of capillary water bridges formed in the contact area. The
asperities of the surface act as nucleating site for capillary condensation. When
the rest time increases, the wet area and then the capillary force increases.
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using a commercial hygrometer. The AFM was modified for
the tribological studies [19]: a lock-in amplifier generates a
sinusoidal voltage at a typical frequency of a few kHz in order
to generate a sinusoidal displacement of the probe parallel to
the surface sample. The lateral force generated by this lateral
displacement of the probe was analyzed by the lock-in
amplifier and the in-phase and out-of-phase part of the lateral
force was recorded. The calibration of the lateral displacement
and the lateral force at these high frequencies is particularly
difficult leading to a high uncertainty of the data.

3.1. Nature of the contact

To explain theirs experimental results, several authors [8,20]
suggest that the contact between the probe and the sample was
a polyasperities contact rather than a single asperity contact
(Fig. 1). Nevertheless, the determination of the exact nature of
the contact (single asperity or polyasperities contact, elastic or
plastic contact) is particularly difficult and depends highly of
the sample roughness. As a first approach, we consider that the
contact in our experimental conditions follows the Hertz
Theory. This theory gives the relation between the applied
load, contact radius, indentation depth and contact pressure for
an elastic contact between a flat sphere and a flat plane [12].
The plasticity and roughness of the surface are two obstacles to
the validity of the Hertz theory. The theoretical average contact
pressure was computed to be about 3 GPa. This value is small
in front of the hardness of the sample (25 GPa) and we can
conclude that the contact is theoretically elastic. To investigate
the influence of the roughness, we propose to compare the
roughness of the theoretical contact area to the theoretical
indentation depth. If the theoretical indentation depth is high
compared to the total roughness, we can conclude that the
asperities are flattened out and that the contact remains
Hertzian. On the other hand, if the theoretical indentation

AFM Probe

Sample

Contact points

peoy paidde o) Suseanuy

Contact area
—-_g—i

PeI0Y HLradse Buls 0) 1orJU0D sonLIadssenmu wo.a

Fig. 3. Schematic of the transition from a polyasperities contact to a single
asperity contact. As the applied load increases, the contact pressure flattens the
asperities: The contact follows the Hertz theory.

Fig. 4. 1 um? scale topographic image of the silicon nitride sample (Z scale: 3 nm).

depth is small compared to the total roughness, we can
conclude that the asperities are not flattened out and that the
contact is a polyasperities contact (Fig. 3).

In a first time, we realized a topographic image of the silicon
nitride sample (Fig. 4) using the so-called Tapping mode and a
sharp silicon probe (MPP 11100 from Digital instruments). The
nominal radius of the probe is 10 nm. In a second time we
computed the peak-to-valley roughness for the whole image
and decreasing fractions of it (quarter, 16th, 64th...). The
peak-to-valley roughness of the fractions of the image is
plotted in Fig. 5 as a function of their area. Using the Hertz
theory, the indentation depth 6=A4/nR is plotted on the same
graph as a function of the contact area A. The graph shows that
the theoretical indentation depth is superior to the roughness of
the contact area for a contact area of about 12 nm?. From Hertz,
we can estimate the load corresponding to this area at
approximately 60 nN. This force is of the same order than
the total applied load (typically 50 nN). Because the roughness
in the contact area is a statistical event, we conclude that the
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Fig. 5. Comparison between the peak-to-valley roughness of the silicon nitride
sample and the theoretical indentation depth as a function of the contact area.
We observe that the indentation depth is high compared to the peak-to-valley
roughness. The asperities are flattened out and the contact may obey the Hertz
law.
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Fig. 6. Comparison between the experimental and the theoretical in-phase and
out-of-phase part of the lateral force as the function of the displacement
amplitude (velocity). At high displacement amplitude, we observe a decrease of
both the experimental in-phase and out-of-phase component of the lateral force
compared to the theoretical values. This result is interpreted as a decrease of the
attractive force.

contact is mainly Hertzian but that the presence of asperities
could lead locally to a poly asperities contact.

3.2. Friction dependence of the velocity

We investigated the friction dependence to the sliding
velocity using the following set-up. For a constant applied load
(10 nN), we generated a sinusoidal lateral displacement d of
this single asperity contact at a frequency of 6135 Hz. This
frequency corresponds to a resonance of the AFM piezo
scanner. The amplitude of the lateral displacement increased
linearly with time from zero to a few tens of nanometer and
then decreases linearly to zero during a period of about 2 min.
The lateral force generated by the lateral displacement was
analyzed by the lock-in amplifier and the in-phase and out-of-
phase part of the lateral force is plotted as a function of the
amplitude of the lateral displacement (Fig. 6). The in-phase part
of the lateral force is proportional to the ratio between the
energy stored during one cycle and the displacement length.
This energy is principally due to shear of the contact. The out-
of-phase part of the lateral force is proportional to the ratio of
the energy dissipated to the displacement length. This energy is
principally dissipated by friction. We used the Mindlin theory
[21,22] as a model for our experiments. This theory describes
the increase of the lateral force as a function of the relative
displacement of a contact. This model is based on a Hertz
contact with a linear dependence of the friction force to the
total applied load. In our experimental conditions, the total
applied load is the sum of the applied load, capillary force and
van der Waals force. While the amplitude of the lateral
displacement is low in front of the contact radius, the contact
is principally sheared and sliding occurs only in the periphery
of the contact: We are in the stick domain. The in-phase part of
the lateral force is then far higher than the out-of-phase part of
the lateral force. When the amplitude of the lateral displace-
ment becomes high compared to the contact diameter, the

energy is mainly dissipated by fiction: We are in the sliding
domain. The out-of-phase part of the lateral force becomes
higher than the in-phase part of the lateral force.

Experimental results were fitted with the Mindlin model by
adjusting two parameters: the contact radius and the friction
force (Fig. 6). For lateral displacement amplitudes below
approximately 5 nm, A very good agreement is observed
between theoretical and experimental results. Beyond this
value, the in-phase and out-of-phase contribution to the lateral
force become quite lower than the theoretical values. This result
is an evidence of the decreases of the elastic energy stored in
the contact and the energy dissipated by friction. In the Mindlin
model, the elastic energy stored in the contact as well as the
energy dissipated by friction are proportional to the total
applied load. It becomes then obvious that the total applied load
decreases as the lateral displacement amplitude increases. There
is a direct relation between the displacement amplitude and the
maximum velocity V=2nfd during an experiment. We conclude
that the total applied load decreases as the sliding velocity
increases. The applied load was maintained constant during the
experiment, then we may conclude that this is the attractive
force, the sum of the capillary and the van der Waals force, that
decreased during the experiment.

3.3. Adhesion force dependence on friction

To confirm the previous experiments, we measured the
adhesion force as a function of the sliding velocity of the probe.
A sinusoidal lateral displacement of the probe was generated at
a fixed frequency f with an amplitude d. The normal applied
force is plotted as a function of the probe/surface distance in
Fig. 7. While the total applied load (sum of the normal applied
load and attractive force) is greater than zero, the probe is in
contact with the surface. When the probe snaps off the surface,
the absolute value of the applied load is equal to the attractive
force. We define this force as the adhesive force, sum of
capillary and van der Waals when the probe leaves the surface.
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Fig. 7. Force as a function of the probe/sample distance for an increasing
sliding velocity. We observe a decrease of the snap-off force (marked by
arrows) with an increase of the velocity. This decrease is the result of the
decrease of the capillary force.
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We observed a decrease of the adhesive force with an increase
of the maximum sliding velocity. For a high value of the
velocity, the force/distance curve looks like a Lennard—Jones
force curve. We conclude that for an enough high sliding
velocity of the probe, the capillary force vanishes with the
absence of capillary condensation. The adhesive force recorded
is then only due to a van der Waal interaction.

4. Conclusion

In conclusion, we showed that for a nanoscopic contact
between hydrophilic surfaces, both the friction force and the
contact radius decreases with the sliding velocity. These
decreases have been explained experimentally by a decrease
of the adhesive force with the sliding velocity due to the
disappearance of the capillary force.
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