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ABSTRACT

In this paper, we are interested in the phenomenon of friction at the nanoscopic scale. we briefly review some
macroscopic aspects to focus on the recent theories explaining the friction at the molecular level. We present
our observed results on variation of friction as function of the AFM tip sliding velocities at different loads and
humidity levels. The results explain the relation between the characteristics of the contacting surfaces and the

different environment variables like the applied load or the humidity
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I. INTRODUCTION

When two bodies contact each other and one of the bodies begins to slide against the other one, a force opposed
to the movement appears. This force is called the friction force Ff. This aspect plays an important role life. In
some situations, the elimination of losses resulting from friction is desired, but in other situations, improvement
of the friction is the needed. Thus, the purpose of research in the field of friction is to understand its basic
principles.

1.1History of Friction

The first three laws should be summarized by the equation-

= Fn ' (1a)
That is friction force is directly proportional to normal force. Here the constant is independent of the area of
contact and sliding velocity. so, there were some difficulties in explaining
these laws. The contact surface of the bodies sliding the one against the other one is made of numerous
asperities. It results that for the whole area of contact, the friction force corresponds to the sum over all the
asperities. so for a single asperity junction
dFf,i = dFn,itan{ai) (1b)
No adhesion is considered till now,so by time the model was completed for adhesive surfaces by adding a
constant Fadh=p.Fo
so that,

Ff =u.(Fo + Fn) = Fadh + uFn (1c)

By this way, Fuq, was the part of the friction force accounting for the intermolecular adhesive
forces at the interface. Now they realised that these models are only able to explain static friction, they fail in

explaining the dynamic friction. To overcome this problem, mechanisms of energy dissipation, grooving and
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ploughing had to be included into the model. Now the friction force was written as
Ff =Fadh + Fdef = vd + Fdef (1d) Fg is ploughing, grooving or cracking of one

surface by the asperities on other .

Figure 1: Schematic Representation of the Asperities at the Microscopic Scale .
Il. THERMALLY ACTIVATED PHENOMENA IN NANOFRICTION

Behaviors of friction at macroscale are not valid at nanoscale all the time. The friction force presents numerous
behaviors at the nanoscale when the sliding velocity is changed. Thus, the study of the friction phenomenon has
to be done at scales relevant for its applications. we study the dependence of the nanofriction on the velocity,
while taking into account the normal force and the humidity. The complete understanding of the velocity
dependence of the friction at the nanoscale is still under current reflection.Since no real consensus has been
found until now, we propose here a look back to the Tomlinson model and reviewed the main experimental
results on the velocity dependence of the friction, having a look at the same time at the evolutions of the basic
Tomlinson model to interpret the results. The two basic experimental observations about the friction
phenomenon at the nanoscopoic level are 1) The static and dynamic friction might be seen as two distinct
frictional phenomena.The static force depends on the atomic structure of the sliding surfaces and the adhesion
forces and can be related to the breaking of bonds.The dynamic friction is the force necessary to balance the
energy losses due to the motion of one body against the other one. It is directly related to energy dissipation.

2)We observed a saw-tooth shape of the friction loop while scanning flat surfaces like mica. This shape is due to
the atomic stick and slip of the tip sliding on the surface. It allows us to introduce the Tomlinson model

explaining the experimental observations .
I11. TOMLINSON MODEL

The Tomlinson model is a very simple and instructive mechanical model explaining already most of the
phenomena occurring in friction, such as the atomic stick and slip, the static and the kinetic friction. In this
model, the surface is described as a periodic arrangement of atoms whose potential of interaction with an AFM
tip Uts is usually approximated by a simple sine with a peak-to-peak amplitude U, and period a equal to the
lattice periodicity.

o 2mx

. "
)

2 tat (1e)
Then, the system of the AFM tip attached to the cantilever is schematically represented by a point-like tip of

p
Utslx) = —

mass m, usually an atom, attached to a spring of elastic constant k fixed
to a support moving at the velocity v. The spring
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is extended between the position of the tip (or atom) x and the position of the cantilever support xs = vt, t being

the time. The corresponding elastic potential, Uel, of the interaction between the tip and the support is then

Scanning direction

Figure . 2 Friction at Atomic Level, an AFM tip Slides Over an Atomically Flat Surface

Represented by a Sinusoidal Potential of Interaction.

o 1 2 3 - 5
x (mm)

Figure 3 Friction Image and Loop

We clearly see the saw-tooth shape obtained for one loop over one line of scan.

k(X — Xs)?
Uel = — (1f)
The total energy of the system for a cantilever
P o 2rxey kix — vwt)?
tot(nt) = —reos |-+ T (19

a
Scan

. . directio,,
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Figure . 4 Sketch of the Tomlinson Model.
A point-tip (the sphere) is attached through a spring to the cantilever support, which moves slowly along the x-
direction. The tip slides on the surface and passes from one minimum to the next one. As we see, the movement
of the tip from one minimum to the next can be continuous or jumping depending on the relation between the
corrugation U0 and the elastic energy. Nevertheless, Tomlinson’s model assumes that this change of position is

done abruptly, meaning non adiabatically.

51|Page




International Journal of Advanced Technology in Engineering and Science -
Vol. No.3, Special Issue No. 01, November 2015 ij ates
www.ijates.com ISSN 2348 - 7550
To be more general, it is possible to add to the equation of motion of the tip a damping term nx" proportional to
the tip velocity to account for energy dissipation. In this case, the motion of the tip over the surface is described

by

= = .":'U-:l " ["2:".'2" (s '\.
mx —nx = ——sinl— |+ &(x — vt}
2 Lo (1h)
(@ (b)
Scan Scan
O== (===
r \ \/ [ ) “\ / /
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Figure . 5 Hlustration of the Tomlinson model.
In this figure, the tip is schematically represented by the shaded circle always located at a minimum. (1)-(4)
denote the time evolutions of the potential while scanning the surface. The total energy Utot obtained by
summing the elastic energy Uel stored in the spring with the tip-surface potential energy Uts presents two cases:
in (a), Utot has only one minimum and the tip slides continuously over the surface. Such a case is peculiar to a
stiff spring or cantilever. The sketch (b) illustrates the case of a soft cantilever. Utot is characterized by several
metastable minima whose result is a stick-slip behavior for the tip jumping from one minimum to the next.

It is possible to evaluate the critical lateral force Fg, that includes the jump from one minimum to other one

Ffic=—k(Xc—vt) = — |————1
2w Y o= (1|)
In this model the static friction is given by
mlo

FF, stat = — )

2 (1j)
The relation between the kinetic friction and the energy dissipated during the same period is
L _aw
Ff, kinetic = o (1K)

Where n is an integer and AW s the energy dissipated during one period.

IV. RECENT EXPERIMENTAL RESULTS ON FRICTION AND EVOLUTION OF THE
TOMLINSON MODEL

The Tomlinson model has served as basis for the interpretation of the experimental results on friction, notably

for the understanding of the dependence of friction on the velocity. As we will see, the relation between friction
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and scanning velocity has shown different and somewhat contradictory experimental results depending on the
investigated surfaces and on the experimental conditions. To clarify the situation, we remind the most important
results on velocity dependence of the friction and conclude by the two experimental studies that have shown the
transition between a positive and a negative slope of the friction versus the velocity.

There were various setups and experiments organized by different authors at different time to observe the
results on the relation between friction force and its dependence with the scanning velocity.

1)Independence of the friction versus the scanning velocity.

2) Logarithmic increase of the friction versus the scanning velocity.

3) Power-law increase of the friction versus the scanning velocity.

4) Logarithmic increase and decrease of the friction versus the scanning velocity.

5) Transition from a positive to a negative slope of the friction versus the velocity.

To conclude this section, two main behaviors emerge from the review of the experimental results.

1)Thermal activation involving vibrations that may excite the slipping from one equilibrium position to the next
one. For this kind of thermal activation, the increase of the velocity reduces the probability of transition between
the different equilibrium positions and thus it leads to a logarithmic increase of the friction with the sliding
velocity.

2)We have time dependent processes involving intermolecular forces and leading to a logarithmic decrease of
the friction force with the scanning velocity. It can be thermal activation of water bridges between the AFM tip
and the surface, but also layers covering the surface and whose disorganization under the applied shear stress

results in a decrease of the friction force once they do not have enough time
V. PRESENTATION OF OUR THEORETICAL MODEL

We present the theoretical developments related to the phenomenological models used to describe the
experimental results. The friction measurements have been performed in an environment where the temperature
was almost constant (T ~ 24°) and the humidity continuously controlled. By this way, it has been possible to
highlight thermally activated processes, and more precisely the balance between the activation of capillary
bridges and thermal vibrations. For this purpose, we will show the transition from the hydrophilic to the
hydrophobic regime of the friction, by scanning with the same AFM tip a single area of a CrN surface. The
linear dependence of the friction on the logarithm of the sliding velocity for both hydrophobic and hydrophilic
surfaces has already been explained. Until now, two different models were commonly used to explain either the
increasing or the decreasing friction as function of the sliding velocity. Here we present a theoretical model
including both, the increase and decrease of FF with In v. A special behavior related to hydrophobic surfaces
was the observation of apparent plateaux at sufficiently high sliding velocities for the curves of friction versus
the logarithm of the sliding velocity. Our experimental results reveal also a similar behavior for hydrophilic
surfaces and is explained in our model by the analytical relationships between the humidity, the velocity And

the normal load.
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Figure . 6 Sketch of a point-tip of mass m and coordinate x connected via a spring of constant
stiffness k to a support moving at a constant velocity v. The point-tip moves in a corrugated
substrate potential undergoing capillary forces FC, surface forces Fsurf and the spring force
Fsp

V1. THEORETICAL MODEL

Our theoretical model is based on recent developments of the relationships between the friction force Fr and the
dynamic energy barrier AE which separates two stable positions of the AFM tip relative to the surface .1t can be
described as a modified Tomlinson model, taking into account the effects of capillary forces and thermal
activation. Considering the sliding system shown in Fig.5. An AFM tip represented by a point-object of mass m
moves on a surface and experiences the corrugated sinusoidal potential of interaction due to the tip-surface
forces Fsurf . The tip is coupled to a cantilever support by a spring of effective elastic constant k [N/m].This
effective spring constant is experimentally deduced from the slope of the friction force versus distance curves
performed on the studied sample. The cantilever support is moving at a velocity v = constant and with its
position described by xs = vt. We take into account the thermally activated condensation of liquid bridges by
introducing the capillary force Fc. This force is opposed to the tip displacement and its effect results in a non
symmetric surface-tip energy barrier as illustrated in Fig.6. From a simple point of view, the equation of motion
is then given by
m“x = Fsp + Fsurf + Fc = k(vt —x) - U’(x)—-Fc . (1l)
where x is the position of the tip and t the time.
U’(x) = dU(x)/dx is the first derivative of the corrugated substrate potential U(x) experienced by the point-tip
with respect to x, and Fsp is the conservative force resulting from the spring. We will not take into consideration
other couplings of the point-tip to the sample surface. We consider now a line of motion along the x-axis and in
the direction of x > 0, representing for example the movement of the AFM tip from a starting point x = A to a
position x > A during a scanning process. Whereas Fsp and Fsurf are conservative forces Fc that derive from a
potential U® following the relation Fc =—grad(UC), Fc is a non conservative force Fnc that is always opposed to
the tip displacement. Thus, the potentials related to the conservative forces only depend on the starting and
ending point of the line of motion, whereas the work done by FC depends on the route along which the force
acts. In our case, this route is a straight line going from the starting point A to some position x with x > A. Then,
in the case of a sinusoidal surface potential U(x), the energy describing the combined surface-tip-cantilever
system can be approximated by
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where X is a parameter related to a mean position of the bases of the capillary bridges on the static surface. Ey is

half the surface barrier potential, a is the lattice constant of the sample surface.
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Figure .7 Effect of the capillary force on the total balance of energy Ex,t of the system. Eel is related to the
spring energy, U(x) is the tip-surface corrugated energy and Ec is an approximation of the energy related to the
capillary bridges meaning that it costs some energy to move in the sliding direction due to the presence of the
capillary bridges. Without the capillary force, Ex,t has a symmetric shape, whereas adding the energy EC breaks
the symmetry resulting in the increase of the energy barrier AE needed to go from A to B, such that AE; < AE,.
For critical positions of the support, the AFM tip will overcome the energy barrier AE(t) between two
consecutive extrema Emin(x, t) and Emax(x, t). The critical position is given by (i)0E(x*, t*)/0x = 0 and (ii)
O°E(x*, t*)/0x* = 0, where x* and t* are respectively the critical position and the critical time for which the
potential barrier vanishes.

By taking x,>xy,we finally obtain for the energy barrier:

OF (z.t IVS R —
9E(a ﬂjj,:% =0 119 = ! (ﬂ.: L\/a?}:"[)(}-:(m - akﬁ.‘})

ox 4 E[)‘JTS-";Q
(In)
AE(t) = Enax(X, t) = Enin(X,t) =E(X2,t)—E(Xy,1)
With F*= TEE()/a
In more general, we have
;.,E.:g:fj =— 1+ i': _ if:lz 2
B S (o)

where B and F* depend on the shape of the interaction potential between the tip and the surface. At zero
temperature T = 0, the tip will move from a stable position to the following one when AE = 0, leading to Fg =
F*. This result may explain the independence of the friction on the velocity in some works where thermal
activation was not supposed. In the case of finite temperatures T, AE(t) is comparable to kBT, kB being the
Boltzmann constant. Then, the master equation describing the probability p(t) that the tip does not jump over the

energy barrier takes the form

I ¢ — et
dapit) { AEEN

= —foexp | ——— | plt)

o (1p)

&
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Where fo is a characteristic attempt frequency of the system. The probability of jumping due to the thermal
activation has its maximum at d’p/dt? = 0. In our case, we are interested in the friction force maximizing the
probability for overcoming the energy barrier.We have to exchange the temporal variable t by Fg,so that

T
d plFf)

0
GFfe

Which leads to

(2F0BKBTF = 1 FeoOFf1 Fc Ff:
M —— | it = —— (1t — - — ]
R ) 2 TELTFw) pKeTS TFe Fo

We finally obtain the mean lateral force Ff:

v __S&'i:IT "'3-:F=~u1ij:\,§-
Ff=Fxvan =W e )P

'- (19)
= F*+Fc. Fss

From this equation, Fc decreases with increasing the scanning velocity, whereas Fss(In v) increases.From the
order of magnitude one observes that Fc >> Fsg for sufficiently high humidity. Then by reducing the relative
humidity, the capillary force decreases progressively to become of the order of Fss. The result is a competition
between F¢, which adds to F*, and Fss, which is subtracted from F*. From the competition between F¢ and Fsg
results the shape of the friction curve versus the natural logarithm of the scanning velocity: a positive slope for
low humidity and negative slope for high humidity.

With

IEVF =
This last equation describes the phenomenology of Fc in terms of capillary bridges between the asperities of the
tip and the surface. v, is a characteristic velocity of the system "tip - capillary bridges - surface".W is the
lambert-W function defined as W(x) exp(W(x)) = x.v1 has the meaning of an upper velocity limit defined for

the increasing sliding friction versus In v.

high humidity

fo=F*+F,

PF =F*- FS'S

low humidity

L

Inv

Figure .8 lllustration of the behavior of Fr versus In v.
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The transition from a positive to a negative slope of Fr vs. In v is explained in terms of competition between Fc
and Fss. The action of Fc dominates at high humidity, but becomes negligible as the humidity decreases, which
gives rise to the slope transition.

VII. CONCLUSION

In this paper, we were interested in the friction phenomenon, an old subject of research that still remains topical
due to its application in industry and everyday life. One of the important changes occurring in the field of the
friction research has been the scale reduction of the studies, going from the macroscopic world to the atomic
level. At these small scales, the balance between forces proportional to the surface and the volume is not the
same as the one for macroscopic bulk material. The result is a divergence of the phenomenological behaviors
depending on the size of the system. To enlarge our knowledge on the friction at the nanometer scale, we
studied the changes in the friction force for a nanoscopic AFM tip sliding on various samples, while exterior
parameters, such as the scanning velocity, the applied normal load or the humidity varied. Emphasis was carried
on the thermally activated phenomena occurring in the nanoscopic friction by the investigation of the friction
dependence on the velocity. The main experimental results were the logarithmic dependence of the friction on
both the scanning velocity and the relative humidity. For the first time, a transition from a positive to a negative
slope of the friction force versus the logarithm of the sliding velocity has been observed for the very same tip-
surface contact, by varying the relative humidity. The complexity of the friction phenomenon results in the
difficulty of finding a fundamental model to explain its different behaviors. This complexity emerges from its
universal nature, meaning the great variety of materials that are in relative motion the one against the other one.
If an analytical comprehension of the frictional process is not possible, other apertures are given by the
computer sciences. It is now possible to simulate the interactions between contacting bodies at the molecular
level. Perhaps a complete comprehension of the friction is not yet possible, but in the actual climate of economy

of energy, whatever could reduce the friction becomes relevant and might have non negligible consequences.
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