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Abstract

The aim of this thesis is concerned with the infice of sliding velocity on capillary adhesion
at the nanometer scale. In ambient conditions,lleapicondensation which is a thermally
activated process, allows the formation of a capjillmeniscus at the interface between an
atomic force microscope (AFM) probe and a substrales capillary meniscus leads to a
capillary force that acts as an additional normall on the tip, and affects the adhesion and
friction forces.

The Atomic Force Microscopy (AFM) offers interegtinpportunities for the measurement of
surface properties at the nanometer scale. Nevesgein the classical imaging mode,
limitations are encountered that lead to a nonostaty state. These limitations are overcome
by implementing a new AFM mode (called Circular AFRhdde).

By employing the Circular AFM mode, the evolutiohtbe adhesion force vs. the sliding
velocity was investigated in ambient conditions mwdel hydrophilic and hydrophobic
surfaces with different physical-chemical surfac®perties such as hydrophilicity. For
hydrophobic surfaces, the adhesion forces or maimtyder Waals forces showed no velocity
dependence, whereas, in the case of hydrophilifacses, adhesion forces, mainly due to
capillary forces follow three regimes. From a thadd value of the sliding velocity, the
adhesion forces start decreasing linearly withltdgarithm increase of the sliding velocity
and vanish at high sliding velocities. This deceeigsalso observed on a monoasperity contact
between a atomically flat mica surface and a smpatbe, thus eliminating the possibility of
the kinetics of the capillary condensation beinigtezl to a thermally activated nucleation
process as usually assumed. Therefore, we propasaedal based on a thermally activated
growth process of a capillary meniscus, which mthfeexplains the experimental results.
Based on these results, we focused on directlysiigaging with the Circular mode the role of
capillary adhesion in friction mechanisms. We iriigeded the influence of the sliding
velocity on the friction coefficient, and a decredsllowing three regimes, similar to the
sliding velocity dependence of the capillary adbesiwas observed for hydrophilic surfaces
that possess a roughness higher than 0.1 nm. Wsheneancrease of the friction coefficient
was observed on hydrophilic (Mica) or hydropholtOPG) atomically flat surfaces that
posses a roughness lower than 0.1 nm. Howevehjsridtter case, the three regimes are not

established. Finally, on a rough hydrophobic swfabe friction coefficient was sliding



velocity independent. A direct comparison with dapy adhesion behavior with the sliding
velocity is expected to give new insights to explduis interplay.

Keywords Atomic force microscopy, capillary adhesion, dipy condensation, adhesion

force, friction, friction coefficient, roughness.
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Introduction

Friction, the force that prevents the sliding ofotvodies in contact has become of
considerable interest for both scientific and texdbgic research fields. From an essential
side, it is a universal phenomenon that is margtésh many natural behaviors such as
earthquake dynamics or physics of granular medid].[From a technological side, friction
causes energy dissipation that in turn causes detba the durability and autonomy of
systems, thus a reduction of this energy loss reeessity to minimize economical and
environmental costs [4]. Over viewing macroscop@les friction and the laws that govern the
elementary process of friction leads to a conclusi@mt a study at this scale is not sufficient
and that fundamental studies of friction on nan@mstale are mandatory. Nevertheless, a
better comprehension of the elementary mechanigrfrction at the nanometer scale is not
an easy task. Indeed, the nature of the slidingacbrdepends on many parameters that are
hidden and not easily accessible even at the nalss&nyway, newly developed techniques
such as the AFM offer new opportunities for invgating friction at the nanoscale,
unfortunately, experimental limitations are encewed with commercial AFMs. Such
limitations are related to the sliding motion, whis back and forth, and results in a halt of
the displacement when the inversion occurs. THisdoalld lead to an evolution of the nature
of the contact or to a non stationary experimestate. As a result, and to eliminate these
inconveniences, we have developed a new AFM modedcthe Circular AFM mode [5].
This new mode is particularly useful if one warasstudy time dependant phenomena. In
particular, at the nanoscale, capillary condensaticcurs when two hydrophilic surfaces are
in contact leading to capillary adhesion whichimset dependent [6]. Moreover, the capillary
adhesion acts as an additional normal load to fhdiel external load on the contact,
therefore, in a sliding contact it plays an indiremle in friction mechanisms. The role of
capillary adhesion was assumed by various autf’or8] [to be the reason behind the decrease
of friction forces with the sliding velocity. Howex; this assumption is not based on direct
experimental evidence of the behavior of capilladhesion in a sliding nanometer-sized
contact.

In this manuscript, we present direct experimengsllts obtained with the new Circular
AFM mode from investigating the influence of slidiwelocity on capillary adhesion. We
show that these experimental findings are perfeetkplained by a newly developed

theoretical model. Friction force measurementsatse performed with the Circular mode on



various surfaces and the friction coefficient babawith the sliding velocity is discussed by
considering the interplay of capillary adhesioningsliding.

10



From Tribology to Nanotribology

Chapter 1. From Tribology to Nanotribology

We briefly review the historical background relatito the macroscopic friction and present
an overview of contact mechanic in the case ofdslals in direct contact before focusing on
the nanotribological branch of tribology which stes friction phenomenon at the nanometer
scale. We begin by introducing the surface foroesulting from the interaction at close
proximity. A second part of this chapter discudgbestheoretical explanations of friction at
the nanometer scale focusing on the thermally atditv process of capillary condensation,
and an analytical background on the interplay @& ttontacts surface characteristics such as
roughness, and different environmental conditioohsas humidity with the capillary force,
and finally we give a overview on the previous exrpental research conducted for

investigating the dependence of the friction farnghe sliding velocity .

1. Introduction to tribology — Macro and Microscopic
approaches to the laws of friction

The term "tribology" was suggested by Peter ilobtay of 1966 as a nhame for the research
based on the phenomena associated to the conthotlative motion of surfaces. The pursuit
for knowledge about origins of friction, lubricatip adhesion, and wear is not a recent
scientific activity. Indeed, tribology is one ofetloldest fields of interest, dating back from the
creation of fire through frictional heating to tleirrent efforts of creating nanodevices.
Furthermore, much attention has been paid to shuelphysical and chemical origin of these
phenomena in order to obtain and design ways amnghsné&r minimizing losses such as
energy dissipation and material degradation thatceaise huge economic losses [9, 10].

In spite of the enormous amount of macroscopicokigpical research so far, mainly of

empirical nature, a clear fundamental understandinigiction still does not exist [11, 12] .

The main reason for this lack of fundamental insighthe inherent difficulty to study

11



From Tribology to Nanotribology

interactions that take place at the buried interfat two contacting bodies. A macroscopic
contact between two apparently flat solid surfag@essists in practice of a large number of
micro- contacts between the asperities that arsepteon both contacting surfaces [13], as
schematically illustrated in Figure 1.1. This natiaspired Frank Philip Bowden [14] in 1950

to the following analogy: "Putting two solids toget is rather like turning Switzerland upside
down and standing it on Austria - the area of iatiencontact will be small ".

In reality, friction is dependent of the atomicerdction between the contacting asperities,
and of the macroscopic elastic and plastic defaonahat determine the morphology and

stress distribution within these contacts [13, 15].

A v G
- A ~— IV

Figure 1.1: Schematic representation of asperitipen asperities.

Nevertheless, at the macroscopic scale the esiseh&hind the friction mechanism are not
well understood due to lack of insight at the cohiaterface. Therefore, in order to get a
better understanding of the friction phenomena, simauld study friction at the micro- and
nanoscale. However, one should keep in mind tteatrittion laws have first originated at the

macroscale.

1.1. Laws of Amontons and Coulomb

The first scientific documentation of the phenomenbfriction was formulated by Leonardo
da Vinci (1452-1519) in the 15th century 200 ydaetore Newton defined the laws of force
and mechanics. Da Vinci deduced the rules govertiiegmotion of a rectangular block
sliding over a flat surface. He introduced for thiet time, the concept of the coefficient of
friction as the ratio of the friction force to nasirioad. However, his work had no historical
influence, because his notebooks remained unpddisbr hundreds of years. In 1699, the
French physicist Guillaume Amontons (1663-1705)seualvered the rules of friction after he

studied dry sliding between two flat surfaces [16].

12



From Tribology to Nanotribology

Guillaume Amontons published his two laws of fiactiin the proceedings of the French
Royal Academy of Science [17]. These laws are nowwhn as the Amontons laws of

friction:
First law of friction The friction force is propional to the normal load.
Second law of friction The friction force is in@gplent of the apparent area of contact.

To these observations the French physicist Chanmgsistin Coulomb (1736-1806), added a
third rule:

Third law of friction The friction force is indepéent of sliding velocity.

The first law can be expressed by the simple eguati
FF = MFN 11

, where [1" is called the coefficient of frictidn The expression of the first law also implies
the second friction law that friction is indepentlehthe apparent area of contact [19].
Amontons first law, that friction is proportionab the load, was readily accepted by the
French royal academy as it fitted with the everydageriences that heavy objects are more
difficult to slide than light objects. The secoraw| that friction is independent of the
apparent area of contact, however, was harshlhutidpas many thought that friction should
also scale with the real contact area.

The third law of friction stated that the frictidorce is independent of velocity once motion
starts. In particular the force needed to initgliding is usually greater than that necessary to
maintain it. Coulomb also made a clear distinctiloat the coefficient of static frictiops is
greater than the coefficient of dynamic frictian[16].

These initial ideas about how friction originates/é& now evolved over 300 years to where
friction between two solid surfaces is thought t@inate via different mechanisms such as

adhesion.

1 Typically pu is included in between 1/5 and 2f3nfon lubrified surfaces 18. Bharat Bhushan and .BXipta,
Handbook of Tribology: Materials, Coatings, and fage Treatments. 1997: Krieger Publishing Company,
Malabar, Florida U.S.A.

13



From Tribology to Nanotribology

1.2. Bowden and Tabor adhesion model

Desanguliers (1734) proposadhesionthe force required to separate two bodies in ainta
as an element in the friction process, a hypothgkish appeared to contradict experiments
because of the independence of friction on theamtratrea (Amontons'2law).

The contradiction between the adhesive issue andmons 2% law cleared up in the 1930s
and 1940s by Bowden and Tabor who introduced tineeqat of theeal area of contachg.
The real area of contact is made up of a large eurobsmall regions of contact, referred to
as asperities or junctions of contact, where atoratbm contact takes place, pointing out that
the true area of contact between two solids is ardynall fraction of the apparent contact area
Anpp

There are various experimental techniques thatbeaemployed to measure the real area of
contact such as: ultrasonic technique, neutronkgcamethod, paints and radioactive traces,
and two of the most important techniques are thecalpand the resistance or conductance
methods. The measurement of the contact area dementhe properties of the contacting
materials. When at least one of the contacting nadséeis transparent, optical microscopy or
interferometer may be used; however, resolution al limited and the estimated contact
area may be wrong. For electrically conducting mal&e one can measure the electrical
resistance between two conductors and calculatediiact area from the measured electrical
resistance and the specific resistivity of the mal® [13]. For other materials, reflection and
transmission of ultrasound at the interface caarbployed [20].

Typical ratios forAg/Aap, of 10°%- 10° were found with contact diameters of the ordesarhe
micrometers. Using an optical microscopy, Dieteadd Kilgore [21] imaged the real contact
area (as well as its change with the load) by lmmgwo rough, transparent surfaces in
contact and detecting the light passing perpenaidilrough the contact zone by an optical
microscope. Only in those points where the twoasig$ were in intimate contact, light could
pass straight through while in all other placaesatuld be scattered by the rough surfaces (Fig.
1.2).

By the use of these macroscopic scale measuringaagt it was found that the friction is
scaling with the real area of conta&t. However, these methods do not result in accurate
measurements at the nanoscale. Nevertheless, thancient in nano-technique
development, nowadays, offers techniques thatmelgsure the real area of contact with high
precision. Such techniques are the Scanning Eledfiioroscopy (SEM) or the Transmission

Electron Microscopy (TEM). Indeed, new experimestups allow performing tests inside a

14



From Tribology to Nanotribology

TEM chamber using modifieia-situ techniques. This permits real-time visualizatidrtiee
contact geometry and its evolution [22].

Roughened
surfaces —’-\‘

Monachromatic light

Figure 1.2: Schema representing a light transmitte@ugh rough sliding surfaces, the light

is scattered except at the contacts.

Bowden and Tabor developed a model to describedheection between adhesive forces
and friction forces and performed experiments tafyehese concepts [14]. Their model
postulates that the friction {Farises from the forces required to shear the siddgunctions

and therefore is proportional to the real contagaathat is,

FF = GAR 1.2

whereo denotes the shear stress at the contacting ioggréad the model can be known as
the plastic junction model, based on the plastifordeation of the asperities due to the
friction mechanism [23]. However, the model is alsiown as the adhesion model since
friction, same as adhesion, is proportional torda area of contact.

The shear stress (friction yield stress) is defibgdhe lateral force per unit area, and is given

by:

o = FF/AR 13

Moreover a general assumption for a linear depesel@i the shear stress on the acting
pressurecan be understood if one considers the total stwesss comprised of the intrinsic

material shear strengtby, plus the compression stresB,;:

15



From Tribology to Nanotribology

6 = 6y + aPy 14

, Whereo,, is a constant that refers to the stress at zexd, l|mnd R corresponds to the normal
pressure (the normal force acting on a unit aigAg). By equating equations 1.3 and 1.4, a
dependence of friction on the normal force is otadi

FF = O-AR = (O-OAR + (aPm)AR) = (O-OAR + (ZFN) 15

From eq. 1.5 it can be noted that for high normakgure (R is high compared te,); the

model reduces to the Amontori$law (with the friction coefficienpt being equal ta).
FF =~ U FN 16

The friction force becomes independent of the adréaea. However, friction may also be
dependent on the area of contact, and the conteatuader the effect of normal loadyJF
acting on the asperities changes from complianenas$ to rigid surfaces, and would be
larger in compliant materials than that of thedignes due to the elasticity of the materials.
Furthermore, in the case of plastic contagt£fH), H is the hardness of the material, eq. 1.5

leads to:

Fp = E1[?N=(@+oz)1v,v 1.7

The Amontons T law is retrieved with p being equal ([%3 + a). In the case of an elastic or

elastic-plastic contact, there exist several exampihat have retrieved a non linear
dependence of the friction force on the load indage of two asperities in contact. If a Hertz
contact between two spheres is considered (wheraghlied load has a 2/3 dependence with
the area of contact) (see section 1-2.1), andateof Tabor is applied, a 2/3 dependence is
obtained for the friction on the normal load.

Greenwood and Williamson (GW) further improved tm®del by considering a contact
between a flat surface and a rough surface thatvsred with a large number of spherically
shaped asperities, the asperities have identichl od curvature and randomly varying
heights [24]. In the model the asperity height$ofmla statistical distribution, which implies
that the number of asperities exceeding a heighbdve the average surface level can be

approximated. And he showed that the area of isesedinearly with the applied load.
16



From Tribology to Nanotribology

Therefore, a direct dependence of friction on tbemral force was obtained leading to the
recovery of 1st Amontons Law.

By assuming a multi asperity contact the Amontoa® Ican be reestablished, and in order to
comprehend the behavior of the contact in relathaion, one should look down to the

single-asperity level.

2. Contact mechanics Single asperity contacts

When two surfaces come into contact, for exampleewa tip contacts a sample surface, the
formed asperities are subjected to forces thatlealll to deformations of both sample and tip.
Information concerning the contact can be unravddgdstudying it at the single asperity
level. There are several models based on continmn@chanics which predict how friction

force should scale with the normal load and thdaxirarea.

2.1. Fully elastic: The Hertz model

In 1882 Heinrich Hertz solved the problem of thasét contact between a sphere and a
planar surface and between two spheres [25]. Hisoagh assumes that adhesion and surface
forces can be neglected. He considered two splfexeés R; andR;) compressed by a force
Fn resulting in a contact area of radiagFig. 1.3) Hertz derived equations for the contact

radiusa and the indentation depé#tbetween the spheres:

1
3

_ (3FyR* 18
= ( 4E )
2
a
S = — 1.9
R*

, Where R* describes the effective sphere radius &fdthe effective Young's modulus

defined as:

1_ 1-v?  1-v2 and « _ RiRy

= 1.10
E* E; E, Ri+R,

17



From Tribology to Nanotribology

s T/FO. K 1 .
. \
: S)
(

Figure 1.3: Hertz model a) for two compressed sphdradii R and R) and b) for an elastic
sphere (S) in contact with an elastic half spacéth\the Hertz contact radiusyaand

penetration depth. For the purpose of a better illustration the dmemns are exaggerated.

Here E; are the Young's moduli ang the Poisson ratios of the two bodies. Combining

equations 1.8 and 1.9 it becomes clear that thetpeion depttd is proportional to th&>>

2
5= | 2w 1.11
16E*R*

And correspondingly, the force to achieve a cenp@netratior is given as:

4 3
Fy = 515*@57 1.12

By substituting Eq. (1.8) in (1.12), a relationweeén the force and the contact radius can be

observed

3
4 a®\2
Fy = §Lr:*q/R* <F> 1.13

The proportionality between the contact radius ahd area of contact lead to a

proportionality of both with the force

1
a < F3 and (Ag = ma?) 1.14

18



From Tribology to Nanotribology

Assuming the friction force is proportional to theml area of contact (as in Tabor theory),

equation 1.14 leads to:

Fp o Fy'/3 1.15

Moreover, the total force compressing the solids loa expressed in relation to the pressure

by:

a
FN=f P(r) 2mr dr 1.16

—-a

, Where P(r) is the pressure distribution overdtwetact and is given by Hertz to be

P(r) = P, (1 - (2)2) 1.17

, Wherer ranges from-atoa. Eq. 1.17 shows that the contact pressure isatettee edges and

is maximum at the center of the contact. Therefloeemaximum pressure of contact would be

p o 3w _ 37 16 E**Fy 118
7 2ma?z 2w, 9R*2

The average pressure can be given by the foraegaoti the area of contact:

b Fy 1316 E**Fy 119
™ a2 ow 9R*2

When assuming the case of SPM, the limiting caser&R, — o (spherical surface with
radiusR; on a flat surface) becomes important.

The Hertz theory allows calculating the contactpghand forces between two contacting
surfaces under the influence of an external folicdoes not include any surface force and
therefore the Hertz model describes accuratelyctirgact between elastic bodies in the
absence of adhesion, and the fact that the adhissiaot considered in this model leads to big
errors in calculations where attractive forces pthg dominant role. In 1971 Johnson,
Kendall and Roberts (JKR) extended the Hertz mtwllclude adhesion effects.

19



From Tribology to Nanotribology

2.2. Including adhesive forces: The JKR model

Adhesion plays an important role on the lengthescale are interested in and hence it should
be taken into account when small objects in conéaet used. An extension of the Hertz
theory taking account of surface forces was elabdrin 1971 by Johnson, Kendall and
Roberts [26] and it has become well known as thie f€ory. Their basic assumption was to
take into account the adhesive interaction onlyhwitthe contact zone and neglect any

interaction outside the contact zone (Fig. 1.4).

Figure 1.4: The JKR model for a rigid sphere (Stantact with an elastic half space. The
adhesion force considered in the JKR theory camutderstood as an additional Hertzian

force.

The JKR contact radius a and the JKR indentatigesthdé are given as a function of the

externally applied load F for an elastic spheredntact with elastic half space as,

W=

3R”
a= (ZE [FN + 37R*y + J6mR*yFy + (3 nR*y)ZD 1.20
2
5= L _ |2y 1.21
R* E*

, Wherey is the effective surface energy of adhesion ohlmirfaces [27]. In this case, they

found a larger contact area compared to the coataetin the Hertz model,

Wl N

1.22

y (3 mR*

Ap =ma® = 4 E* [FN+ 3Ry + \/67TR*VFN+ 3 ﬂR*]/)Z])
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By assuming the friction force is proportional ke treal area of contact (as in Tabor theory)
the previous equation will lead to a sub linearatefence of the friction force on the load.
Furthermore, in the absence of surface foges 0) equations 1.20 and 1.21 reduce to the
classical Hertz model (Egs. 1.8 and 1.9). Furtheemihe JKR model predicts that the force

needed to remove the particle (the pull-off foritejn the contact is given as:
JKR 3 *
Fpp = —3 YR 1.23

By adding an adhesive force to the Hertz model, 4R theory is able to explain why
contacts can be formed during the unloading cyalkn in the negative loading of one body
against another one. However, the JKR approacheotontact of two elastic bodies is not

right in every case, since it neglects the foradmg at the border of the contact area.

2.3. The Derjaguin-Muller-Toporov (DMT) model

The alternative thermodynamic approach by DerjaggMnller and Toporov (DMT) [28]
assumes that the contact area does not change the dttractive surface forces and remains
the same as in the Hertz theory. In this modeldttective forces are assumed to act only
outside of the contact area. Due to the involveliaptions, the JKR model is more suitable
for compliant materials and the DMT model is mopprapriate for rigid materials. In the
DMT model the attractive force is simply added asadditional load to obtain the correct
indentation depth and contact area from the Hdweory. Therefore the equations for the

contact radius and the indentation depth in the cas sphere indenting a plane become

3R 3
_ * 1.24
a= <(4E*) (Fy + 4myR ))

5= 1.25

In the case of DMT, they obtained a area of corga@n by

3nR 3
Ap = ma® = <(47;*) (Fy + 4nyR*)> 1.26

Which once again if the friction force is proporta to the real area of contact (as in Tabor
theory) equation 1.26 will lead to a sub linearetegence of the friction force on the load due

to a finite value of the contact area at zero &gpload, even though a smaller contact radius
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than in the JKR case is obtained for the same adghésce. The sphere-plane pull-off force
can be expressed as,

FRMT = —2myR* 1.27

By experimenting on hydrogen-terminated diamondljiangsten carbide mono-asperity

interface using UHV-AFM, Enachescet al. [29] demonstrated in 1998 that the load
dependence of the contact area for an extremelg bimgle asperity contact is perfectly

described by the DMT continuum mechanics modelnc&ithe diamond sample is slightly

boron-doped and the tungsten-carbide tip is comdicthey were able to measure the local
contact conductance as a function of applied |d&e. experiments provided an independent
way of determining the contact area, which can ipectly compared to the corresponding

friction force.

The DMT model takes into account the surface foméside the contact area but not the
deformations due to these forces. Therefore, orghthéxpect that the JKR model is more
appropriate for the case of compliance contactshaglil surface energies, whereas the DMT
model should be better suited for the case of gittacts and low surface energies.

2.4. Maugis model

Maugis in 1992 formulated a somewhat complex dpson of sphere-flat mechanics [30,
31]. He derived based on the Dugdale [32] poteatiskt of analytical equations that describe
the transition between the JKR and DMT limits. Hisdel is more accurate in a way that one
does not have to assume a particular limit fomtiagerials properties.

In his model, Maugis introduces a paramdter

3| O9R
A=20y [——
l6myE* 1.28

, Whereg, is the maximum constraint and is equal to,
16 y
Og = —=—
N3 € 1.29

, € Is the range of action of surface forces at anlibgum distance.
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Maugis expressed the contact area, the normal,far@ethe penetration depth, by a relation
with the Maugis parametet and m, m = c/a the ratio of the width of the aanukegion

(including adhesive zone) c to the radius of thatact area a

Aziz(\/mz -1+ (m?—-2)tan™?! ( m2 — 1))

1.30
4)%a
+ (( mz—l)tan_l(\/mz—l)—m+1)=1
3
F = a3 - Aa? (\/mz —1+m?tan?! ( m2 — 1)) 1.31
_ 4
5= a* —ga/h/mz -1 1.32
, Wherea, F and § the normalized contact radius, force and the iratent depth which are
defined as:
4 3 16 3
3 2\3
=E* F = E*
—_ |3 = __IN s_+9 1.33
a= a<TL’R*2]/> , Fy <Ry’ and ¢ 6(7‘[2R*y2>

When varying the parametgr, it is found that the values af Fy andod are in between the

values of DMT model and the JKR model. For a ldegebda > 3, the Maugis equations
approach those of JKR model, and the pull-off fogoes to- 3/2 myR*. For the limit ofA

equals zera] « 0.01 Maugis equations approach those of DMT model aedpull-off force
approaches2myR*. For the case of an Atomic Force Microscopy, a@gions show that in
the case of ceramics and metals (rigid materidis), parameter is well below 1, and then the
application of the DMT model is more suitable. Hor case of polymek, is of the order of 1,
we are in the field of Maugis transition. Finallfor rubber or elastomeric materials

(compliant materials), is larger than 1, and the JKR model is more slatab

In Figure 1.5 the different characteristics of toatact in function of the normalized force are
represented for the models of Hertz, DMT, JKR, Btadigis.
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Figure 1.5: A) Normalized contact radius in functiof the Normalized force. The Maugis
transition is shown for different values of thensdion parametef in between the DMT and
JKR models. B) Normalized indentation depth in fionc of the Normalized force. The
Maugis transition is also shown for different vaduaf the transition parametérin between
the DMT and JKR models.

2.5. Comparison of the models

The assumptions considered for a given approachl gmmetimes not exactly describe the
materials in contact. We introduce Table. 1.1 aadld. 1.2 that show the assumptions of
each of the models described above (Hertz, JKR,2iid, Maugis) and the corresponding

normalized equations that simplify the comparison.
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Linear elasticit 5o =3
Hertz _ / Fy=a
No adhesion 2
S _ =2 _ 3
No friction §=a" = Fy
s =
JKR Short-range surface forces acting within tt N =@ —avea
contact area No friction §=a%- %465
DMT Long-range surface forces acting outside 1 Fy=a%-2
contact area No friction 8§ =a?

Table 1.1: Model assumptions of the Hertz, JKR BT theories at a glance with the

corresponding normalized equations.

Inappropriate when the load is
Hertz No surface forces
small compared to surface forces

Surface forces act inside the contact. L
JKR : _ Underestimation of the load
Formation of an adhesive neck

DMT Surface forces act outside of the contac Underestimation of the contact area

_ An attractive ring of variable width acts : : :
Maugis : No simple analytical solution
around the radius of contact

Table 1.2: Comparison of the different hypothesid &mitations for the models of Hertz,
JKR, DMT, and Maugis

Concluding from these previous models, it is cldwat the single asperity or multi-asperity
contact is still an opened question in tribologyorkbver, macroscopic tribological research
can provide only empirical information about thetional behavior of materials due to the
lack of information about the interaction that amecurring at the interfaces. These
interactions concern for example, the nature of ¢batact, its geometry, environmental
conditions affecting the contact, etc. Thereforemprehension of friction mechanisms is
better established at a scale such as the nanpsdalsh can unravel fundamental details

about the contact between two bodies.
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3. Nanotribology

3.1. Interactions in a nano-contact

The study of tip-surface interactions is an imparthnk between the macroscopical and
nanoscopical worlds. The impact of the surfacedsris clearly noticeable in friction and
adhesion with micro and nano contacts. In partrgike adhesion force between two objects
can arise from a combination of different contribns such as the van der Waals force,
electrostatic force, chemical bonding, and hydrogending forces, capillary forces, and
others. However, the intermolecular and surfaceef®iare a wide subject that one can find in
detail by reading Israelachvili [33] and Burnhamrd|[3We will just give a brief overview on
three important forces which can be of relevantartgmce to our subject, these forces are:

» Electrostatic force;

» van der Waals force; and

» Capillary force

3.1.1. Electrostatic force
Electrostatic forces include those due to charngesge charges and dipoles. Since the time of
the ancient Greeks it has been known that ambdredivith fur would become "electrified"
and attract small objects. In 1785 it was CharlesChulomb, who first quantitatively
measured the electrical attraction and repulsidwéxn charged objects. He formulated that
the electrostatic forcEe is proportional to the product of the object charf@® and inversely

proportional to the square of the distaddeetween them:

9192

Fel X 7 1.34

For the case of an AFM, assuming a particle witlius R that has an electric potental
relative to a grounded surface, the electrostaticef between the particle and the surface is
given by [35]

1 8R(R + d)
2(R+d)? [4(R + d)% — R2]2

2 1.35

F,, =~ 2megR%@

, whered is the distance between the particle and the seirfandey is the permittivity

constant. The first term in equation 1.35 describesforce between a grounded conducting
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plane and a uniform charge distribution on a sph@itee higher-order terms describe
polarization effects that result when the sphemaased closer to the plane. Nevertheless, in
the discussion of the interactions between a maronano particle and a surface, the
electrostatic force when compared to the van derls8vand capillary forces could be

neglected.

3.1.2. Van der Waals force (vdW)
Van der Waals (vdW) forces play a central role linpaenomena involving intermolecular
forces. This force exists between any combinatiomalecules and surfaces, and it is always
attractive i.e. tip and sample are attracted to anather, and is present regardless of the
tip/surface setup used or the environmental camstiof the experiment. The van der Waals
forces originate from three sources: dipole-dipoteractions (both atomic dipoles are free to
rotate), dipole-induced dipole, and dipole indudgmble induced interactions. These
interactions are known respectively as the Keesomer{tation), Debye (induction), and the
London (fluctuation) interactiofs
Assuming that the potentidd/(d) between two atoms separated by a distaniseknown,

the force between them can be defined by the gnadfehat potential
F(d) = -VW(d) 1.36
For the van der Waals interaction the potentiaffie form:

C
W(d) = —— 1.37

, WhereC is the interaction constant as defined by Londmhia specific to the identity of the
interacting atoms [36]. Hamaker [37] performed ititegration of the interaction potential to
calculate the total interaction between two maapscbodies. Hamaker used the following

hypotheses in his derivation:

- Additive: the total interaction can be obtained thg pair-wise summation of the

individual contributions.

2 With the exception of highly polar materials sashwater, London dispersion interactions give ldrgest

contribution to the van der Waals attraction.
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- Continuous medium: the summation can be replagadtbgration over the volumes
of the interacting bodies assuming that each atacumes a volumén with a
number density.

- Uniform material propertiesp andc¢ are uniform over the volume of the bodies.

The total force between two arbitrarily shaped beds given by:
Foaw = P1P2f f F(d)d0,d1, 1.38
0,70,

, Wherep,andp, are the number densities of molecules in the s@li&ndn, are the
volumes of bodies 1 and 2 respectively.
The van der Waals force,,,, (d) and van der Waals free energy;,, (d) for a spherical solid

particle in contact with a surface can be descriibeBq. 1.39 and Eq. 1.40, respectively [33].

AyR
Foqw(d) = # 1.39
AyR
Svaw(d) = _6H_d 1.40

, Whered is the distance between the particle and the seirf is the radius of a spherical

particle, 4, is Hamaker constahand is given by:
AH = T[ZCplpZ 141

Argento and French [38] derived an expressiontertotal van der Waals force between a
conical tip of angler and radius R, and a plane.
The total force is given by:
p _ AyR?*(1 —siny)(Rsiny —dsiny — R — d)
vdw = 6d%(R + d — Rsiny)?
Ay tany[dsiny + Rsiny + R cos(2y)]
6 cosy (R + d — Rsiny)?

1.42

3 The Hamaker constant describes the strength ef ithteractions between atoms and depends on rahteri
properties, it is explained in detail in ref 38. rgénto, C. and R.H. French, Parametric tip modetan
force--distance relation for Hamaker constant detgration from atomic force microscopy. Journal qiphed
Physics, 199630(11): p. 6081-6090.
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, Where d is the tip-surface separation, calculatdthe van der Waals contribution to the
total tip-surface force requires only knowledgesoR and Ay; y and R depend only on the
tip-shape. The assumptions made in the derivatfaiis expression are the same used by
Hamaker [37]. Since there is no geometric assumptidhis derivation, the expression gives
exactly the force on the probe if non-retarded wen Waals interactions are the only
interactions present.

The van der Waals force between two media acrosshveent medium (i.e. water) will be
lower than the interaction across a vacuum mediBgn.applying the following Lifshitz
theory, the appropriate Hamaker constant can bermdeted for a medium 1 interacting

medium 2 across medium 3 [33].

AH total = AH-U:o + AH-U>0

3 & — &3\?

dir(2)
4 &1 + &3 1.43
3hv, (nf —nd)(nf —n3)

+
8v2 (n? + n%)%(ng + n%)% [(n% + n%)% + (n3 + n%)%]

, WhereAy _ is the Hamaker's constant due to Keesom and Debgmactions A, _ is the
Hamaker's constant due to London dispersignis the static dielectric constant, is the
main electronic absorption frequency in the ulwét (UV) regionn, is the medium
refractive index in the visible light region. Howey for two identical mediums interacting
across a medium, Eq. 1.43 reduces to,

Ag totar = AH,_y T AHysy

Sk = 53)2 3hv, (n? —n3)? 1.44
4 & t+ &3 16V2 (n? + n%)%

3.1.3. Capillary force

When two surfaces are close together in the preseha vapor, water (or any other liquid)
may condense to form a liquid meniscus betweenwbesurfaces [33]. The force caused by
such a liquid meniscus arises from the Laplacespiresof the curved menisci. This force can
be called capillary force. Moreover, this force nmiafjuence the contact between two solids,
by affecting adhesion and friction forces, espécisthe static friction forces [39]. The
capillary forces must be taken into account in ismief powders, soils, granular materials,
and tribology [40-46].
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The condensation process of the water vapor irg#ps and small cavities between surface
asperities leads to the formation of capillariest thind the neighboring surfaces (Fig. 1.6).
For constant environmental conditions, the sizéhefcapillary depends on the geometry and
chemistry of the surfaces. Lord Kelvin proposed ohthe first classical views of a capillary
bridge. At equilibrium, the surface curvature ok tmeniscus is imposed by the Kelvin

radiusRy:

1—(1+1) 1.45
Rc  \Ri R, '

, Wwhere R; and R, are the minimum and maximum curvature radius & theniscus
respectively R, along the plane of the figure perpendicular togbkd surfaces; lies in the
plane of figure parallel to the solid surfaces)g(FL.6), the radii are taken as positive for
convex curvatures and negative for concave curgaiurhe Kelvin radius is connected with

the relative vapor pressupg the following equation:

Vvl

~ kyTlog(P/Ps) 1.46

Ry =
, wherey,, is the surface tensidn?, is the molar volume, T is the temperature, knib the
Boltzmann constant, and the ratio of P the equilibr on R the saturation water vapor
pressure corresponds to the relative humidity Rthéncase of water.

In the context of AFM measurements, the liquid el&8 the cantilever towards the surface by
acting as an attractive force on the AFM tip. Theoant of this force can be derived from
Laplace’s equation. According to Pierre Simon delaee the pressure inside a liquid is

modified over the atmospheric pressure by:

1 1 Yiv
P, = (— + —) ~— 1.47
L= YL R, "R, Ry

, Where P is the Laplace pressure, when the meniscus iresdassize, Rtends to infinity
and R tends to the Kelvin radius. The Laplace presswies an a wet areal, that

equalstx? = 2nRZ (computed from Figure 1.6Wwhere R is the radius of the AFM probe (Fig.

4 Surface tension is measured in N.amd is defined, for example in the case of a dicauirface in equilibrium,
as the force per unit length along a line perpentiic to the surface, necessary to cause the exierd this

surface
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1.6), the resulting capillary force is thEn= P A, = 2nRz (y;—") The adhesion force

K

corresponds to the capillary forEein a more general case, it is given by the equd88]

_ 2mRyy(cosBp + cos bs)
- 1+d/z

1.48

F

, Whered is the separation between the sphere and the,@laaad 0s are respectively the
contact angles of the sphei@robe) and the flat surface. From equation 1t48 ¢lear that

the stronger capillary force arises from the coadibf separation d = 0.

F. max = 2nRy;y(cos 8p + cos bs) 1.49

Figure 1.6: Capillary bridge between a sphere anitaasurface. R1 and R2 are the minimum
and maximum curvature radius of the meniscus rés@de (R1 along the plane of the figure
perpendicular to the solid surfaces, R2 lies in fflane of figure parallel to the solid

surfaces).

Measuring these forces at the nanoscale was nesthyp@suntil techniques that can measure

forces at the nanoscale were introduced.

5 In the case of water, férgreater than 90°, one speaks about hydrophobifaser whereas faf smaller than
90°, the surface has a hydrophilic behavior, whimbans that the water molecules are more attractethé

surface than to themselves.
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3.2. New approaches for investigations at the nanoscale

Over the past decade, significant advances in ¢iveldpment of experimental techniques as
well as in theoretical methods have allowed us dam durther knowledge about frictional
processes at the nanometer scale and even abth& acale. Observing what is going on at
the nanoscale level is of crucial importance toersthnd what occurs at the macroscopic
level for sliding. This wide expanding field oflinlogy is called "Nanotribology".
Extraordinary developments in experimental techesqover the past three decades have

accelerated interest of researchers to studydriain the nanoscale.

The first apparatus for nanotribology researcthéSurface Force Apparatus (SFA) invented
by Tabor and Winterton [47] in 1969 to measure ganWaals forces in air or vacuum. The
SFA can measure the interaction forces with reswiatup to thenN as a function of the
mutual distance to an accuracy of about 3 A, betwa® surfaces that are usually flexible
and transparent sheets of mica. The SFA device fuwebker developed in 1972 by
Israelachivili and Tabor for the measurement of gdanWaals dispersion forces in the range
of 1.5 to 130 nm [48]. Furthermore, it was devebbfy Israelachvili and Adams for the
measurement of forces between liquids and vapd®@p R severe limitation of the Surface
Force Apparatus is that the mica is the only serfiat can be directly studied. There have
been several approaches such as, evaporation af fagérs and oxides, plasma and UV
treatments, etc., often in situ (adsorption of attdnts and polymers, grafting of ligands,

etc.), to overcome this limitation and allow the w$ different surfaces.

Furthermore, it has become a powerful tool to stodyotribological mechanisms on a wide
number of systems such as, confined simple liqumdymer melt and solutions, self-
assembled surfactant and polymer layers. RecemySFA has been used as an molecular
tribometer to investigate the nanotribological bebaof self-assembled monolayer's (amine
and phosphate) by Mazuyer et al. [50], and it hesnbmodified by Israelachvili to study
anisotropy in friction on polymer surfaces [ FANASTP 2011, Trends in nanotribology].

Recent advances in the surface forces apparatdg (8¢hnique can be found in [51].

Later in the 1980's two types of microscopes weneented: The Scanning Tunneling
Microscope (STM) and the Atomic Force MicroscopeFkA) [52]. These devices have
gained more and more precision as the industrytl@domputer sciences evolved, to reach
nowadays the atomic resolution and measure foroes do the nano-Newton. The invention

in 1981 of the first Scanning Tunneling Microsco{®TM) that was based on electron
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tunneling between a small tip and a surface, pexvithe capability of imaging a solid surface
with atomic resolution in three dimensions [53, ,58ut was limited to the study of
electrically conductive samples. The scientific conmity acknowledged this invention by
awarding the Nobel Prize to its inventors, BinnmgdeRohrer, in 1986. Few years later, in
1985, Binnig and Rohrer developed an Atomic Forcerddcope (AFM) (Annex. 1) that was
based on the principles of the STM but with resaivsurface structures for non-conducting
and conducting materials. The AFM belongs to theagrfamily of Scanning Probe
Microscope (SPM). It has the properties of surfanaging and surface force measuring
down to the nano-scale. It can be used in diffe@mtironments going from ultra high
vacuum to liquids, to study any kinds of surfacejuding biological samples.

The advent of these scanning microscopes revoiagdnthe field of tribology. In recent
years, other modifications of original STM and ARMere soon made to measure lateral
forces by the use of the now known Friction (ordtat) Force Microscopy (FFM; LFM) [55],
This technique immediately gave rise to frictiorpesiments between single asperity probes

at forces of the order of a few nano-newton.

Furthermore, in order to achieve better resolubbihe contact, a wide spread method has
been lately realized by introducing and SPM int&anning Electron Microscope (SEM)
[56-58] (Fig. 1.7). These kind of combined techmigjallow the real time observation of a

contact.

In this thesis, we will use the AFM technique.

Figure 1.7: SEM images show real time observatiohs probe in close contact to the

surface from refs [56, 59].
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3.3. Nanoscale friction

3.3.1. AFM friction force measurements

The AFM allows the measuring of the friction foitethe nanoscale with a high resolution. In
this case, the scan direction perpendicular tdabiescan axis is used. And the lateral bending
(or twisting) of the cantilever occurs due to tléirgg friction forces, and this in turn induces
a lateral movement of the laser beam on the detetlus both the vertical and the lateral
bending of the cantilever are simultaneously meakioreover, the degree of torsion of the
cantilever is a measure of surface friction causethe lateral force exerted on the cantilever
[60]. This mode of operation is called friction force nogcopy (FFM) or lateral force

microscopy (LFM).

A friction loop is formed by a scan cycle along aswan line in the forward and reverse
direction (Fig. 1.8). Each direction of scan isidedl by two regimes: A regime which shows
a linear increase of the lateral force as functbrithe lateral piezo-actuator position, and
corresponds to the static friction, where the tipks to the surface and the cantilever only
twists, and a second regime where the lateral $oowercome the potential well characterized
by the cantilever-tip-surface system. In this regjithe tip starts to slide on the surface, and
rests again when the scan direction is reverse. @rocess is then repeated in the reversed
direction. The difference of the average valuemftoace and retrace corresponds to twice the
mean friction force. In such a loop the sign of fiietion force signal changes when the scan
direction is reverséd Information about the stiffness can be takemnfrihe slope of the
lateral force in a friction loop (Fig. 1.8) whick @qual to the effective spring constlgt

kepp = (kg + k7)™ 1.50

, Wherek; is lateral stiffness of the tip, ang. is the lateral stiffness of the cantilever.
Furthermore, it is possible to deduce the energgipited by computing to the area enclosed

by the loop.

6 The upper and lower parts of this so-called foistloop (Fig. 1.8) result from trace (scanningt)efnd retrace

(scanning right back on the same line)
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Figure 1.8: Example of the friction force obtainedan AFM friction force measurement
[61]. The upper and lower parts of the so-callecttion loop correspond to the trace and
retrace scan, respectively. The difference betwiace and retrace (average value) is
proportional to the friction force. The slope iretlirst regime is the effective stiffness. The

enclosed area corresponds to the dissipated energy.

3.3.2. Tomlinson model

Nanotribology is mostly concerned by the natureha relative motion of two contacting
bodies. Sliding one surface past another may rasut continuous movement, i.e. smooth
sliding or a discontinuous movement, i.e. sticlp shotion, where rather than sliding at a
constant velocity, sliding occurs as a sequencicfing and slipping or as an oscillation at a
resonance frequency of the system. The term "stipk was coined by Bowden and Lebon
(1939). During the stick phase, the friction foleelds up to a certain value, and once a large
enough force has been applied to overcome thec siattion force, slip occurs at the
interface.

The first experiments of friction force at the aioracale were conducted by Mate et al., who
carried out atomic resolution measurements usieghRitiction Force Microscopy [55]. He
showed evidence of the stick-slip phenomena foearpents conducted on a graphite surface
using a tungsten tip. Later, studies of atomictifsit were continued e.g. [62, 63], that were
highly inspired by the experiments of Mage al. A comprehensive study of the stick slip
phenomena was conducted by Fujisataal, [64]. They studied the bending and torsional
deformations of the microlever induced by horizbragplied force on different materials

such as Mogand NaF (100). By analyzing these signals, twihnpatere observed for the
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movement of the tip on the surface. The authorsvedathat the tip prefers to jump to the
nearest atom. So depending on the sliding directibrthe tip with the crystallographic
direction of the surface, the stick slip phenomeaa follow a straight path (one dimension

stick slip) or a zig-zag path (two dimension stitib) (Fig. 1.9)
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Figure 1.9: Bending and torsion of the cantilevezpdnding on the scanning direction.
Typical data for FX and FY (two-dimensional frictad force vector components (A) due to a
single fast line scan along the cantilever, 1Dls8lp (along the Y direction). (B) Due to a

single fast line scan across the cantilever, 2Dks$lip (along the X direction).

However, after more than seven decades the Praodilinson model still catches the
essence of the more recent theories of frictions la simple model for friction that was
developed by Prandtl (1928) and Tomlinson (192%9) & usually referred to as the
Tomlinson model or the independent oscillator modéle model was introduced by G. A.
Tomlinson in his paper entitled "A molecular theoffyfriction" [65]. It is a very simple and
instructive mechanical model describing frictionsifigle asperity contacts, and explaining
already most of the phenomena occurring in fricttmich as the atomic stick and slip, the
static and the dynamic friction.

The approach is based on the interaction betweenstwfaces in relative motion. We will
describe in detail the simple friction mechanismtfee case of one patrticle in the framework
of the one-dimensional Tomlinson model. We consalsingle atom (A) elastically attached
to an isolated slider surface (1) via a springtiffinress k; that is moved across another surface
(2) that is represented by a periodic poter@i{al) (Fig. 1.10).
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Sliding
direction

Figure 1.10: Schema of the Tomlinson model. Theasoattached by a spring to a support

which moves in the x direction, the atom jumps foo® minimum to the other.

As surface (1) slides, the force on the atom widréease (Fig. 1.10-b) until it gets so strong
that the atom jumps to the next potential minimuang.( 1.10-c). During this transition,
relaxation energy is dissipated via lattice vilmas of the upper body and finally via the
generation of phonorfs.

The system composed of the slider surface, thegpaind the surface can be represented as a
cantilever of a AFM apparatus sliding on a surfdoet us apply the Prandtl-Tomlinson
model to the example of an AFM tip sliding alongree dimensional periodic potentia(x)

with amplitudeY,:

2mx
Y(x) = —Y,cos (T) 151

, wherey,, is the peak to peak amplitude of the sinusoid&¢maal, anda is the periodicity of
the surface lattice.

The tip is coupled to the cantilever via a sprimgtdfness k. The position of the cantilever is
denoted by and the tip position by. When the tip is dragged along the surface lattioe
deformation of the spring is simply — x,). The velocity of the cantilever is given By. Its
coordinates will change accordingxtp= V,t , with t being the time. The total energy of the

system for a cantilever moving at a constant vgfacialongx becomes

2mx 1
Y(x) = =Y, cos (T) + EK(x — xg)? 1.52

7 In the Prandtl-Tomlinson model, this dissipatiescribed by a simple damping term that is propioal to

the velocity of the atom.
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21X 1
Y (x) = =Y, cos (T) + EK(x — Vpt)? 1.53
Initially, the tip is located in the equilibrium giion of local minimum that can be given by

the condition where the first derivative 6fx) with respect ta is zero:

dY(x) 2mY
dx

2mx
sin( " )+ Kx—-Vyt)=0 1.54

For the beginning of one stick—slip cycle, we caga the approximation sk x for smallx.

This leads to

42y,
e +K|x—KVyt=0 1.55

The initial velocity of the tig;;,, can be calculated:

oo Y h 0= 4m?V,
P T dt T 14Q wt "~ Ka?

1.56

The coefficientQ is the ratio between the strength of the tip-sampteraction and elastic
energy of the system [61]. Here the initial velpaif the tipVy;, is clearly lower than the
velocity V, of the support. The critical position at which the tip becomes unstable and gets
ready to move to the next minimum takes place whersecond derivative of the total energy
with respect tax (acceleration) changes its sign, this will copasd exactly to the time t

when the second derivative of the total energy wagpect tox is zero:

d?Y (x 412y, 2mx*
()= Ocos( )+ K=0 1.57
d?x a? a
This leads to:
= 2 ( 1) 1.58
x* = S_arccos 9 .

This kind of movement is called stick-slip, andeigpected when Q > 1, for example, when
the system is not too stiff or the tip-surface atdions are strong enough to make the tip
stick at its last position. Whereas in the othesecavere Q < 1, the tip has one equilibrium
position at every moment, and the tip slides camaiursly.

The friction force is given by
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FF = _K(x - Vot) 159

from equation 1.54, we obtain the relation,

2mY, 27X
=2 )

This shows that the friction forces are maximum mlimtely before jumping, at the point

where x = a/4 ,

2mY,
a

1.61

max —
Fg*® =

This gives a linear dependence of the friction éova the potential amplitudé.

Velocity dependence

The jump of the tip through the energy profile frome minimum to the other is prevented by
the energy barriekE. Such a barrier decreases while sliding, and, whbacomes zero, the
tip slips into the next equilibrium position, whemenew sticking phase starts. In the above
discussion of the Prandtl-Tomlinson model, we dad consider thermal motion, which
corresponds to sliding d& = 0 K. In this case the tip does not jump unatd = 0. In the case

of a finite temperatur@, the reaction rate theory suggests that the tipgifrom a minimum
into the next one when the energy barrier a vafueto~ ksT (even ifAE # O the tip jumps).

At a certain time t, the probability for the tiptrio jump, p, is determined by:

b _ AEN e 1.62
E—foexp( kB_T>p() :

, Where § is the characteristic lateral frequency of theteys (i.e, lateral resonance
frequency); In the attempt to explain the obsetegarithmic dependence of the lateral force
on the scan velocity between a silicon tip slidmmg a NaCl (001) surface in UHV at a
constant temperature, Gnecet al, showed that the physical origin of the velocity
dependence can be understood within the Tomlinsateirby assuming a linear dependence

of the energy barrier with the increasing frictionce [61]:

AE = t(F"%¥ — Fy) 1.63
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where the slope, will depend on the interaction potential, wheer¢his no lateral force (=
0) the energy barrier is just the maximum possiblee, namely,, so we can say thatis of
the order ofYy/Fena.- BY substituting Eg. 1.63 in Eq. 1.53, a logaritbrdependence of
friction force on velocity is obtained:
kgT [V
FF =FF0 +Tln(v_o> 164
where Fr is an offset depending on the applied load. Theemse in friction force with

velocity simply reflects the fact that at higheidslg speeds, the system has less time to

overcome the activation barrier by thermal motion.

4. Recent experimental results on dynamic friction

The experimental results on friction for undersiagdthe dependence of friction on the
velocity were for a long time interpreted basedt@Tomlinson model. In the proceeding we
will overview that different experimental and sonfawdistinct results were observed for the
relation between the friction and the velocity, eleging on the specified experimental
conditions and the studied surface. To illustraéarty this relation, we remind some of the

most important results on velocity dependence efftiction.

4.1. Friction independent of the sliding velocity

The first measurement of friction with atomic regmn using friction force microscopy
(FFM) was carried out by Mate et al. [55] they usetlingsten wire tip sliding on a Highly
Oriented Pyrolytic Graphite (HOPG) surface at loauferior to 10* N. They conducted
measurements in ambient conditions and reveakigl\l¢locity dependence of the friction for
scanning velocities between 0.004/s and 0.4um/s. They used a model based on the sum of
a periodic tip-surface force and a spring forcetli@r tip motion to interpret there results.

In 1998 Zwdorner et al conducted measurements on@mas carbon, diamond and HOPG
but over a wide range of velocities with the usafAFM working in air and equipped with
a silicon cantilever [66]. During the measuremehessliding velocities were varied between
0.02 mnis and 24 mnYs, i.e. about 2 orders of magnitude was coveretlh thie application
of normal loads ranging between 3.3 nN and 83.4lnhWNas found that under all the different
experimental conditions and for all materials inigeged, the friction force is constant. In

fact, for velocities lower than 1 um/s it was fouhdt the friction force is independent of the
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sliding velocity. Where for higher sliding velo@$, a linear increase was numerically
obtained with a theoretical model, and the obtairesiilts regarding the behavior of the
frictional forces were illustrated by a simple mawital model based on the Tomlinson [65]
and independent oscillator model [63, 67] which vshthat the frictional forces are

independent of the sliding velocity as long as gl movement of the tip is faster than the

sliding velocity.

4.2. A power-law dependence of the friction on the shdi

velocity

In 1997 by Gourdon et al. [68] conducted by the ofan AFM in air a study on a mica
surface covered by lipid films with velocities ramg from 0.01um/s to 50um/s. They
observed a linear increase of friction versus ttensing velocity. They reported a critical
velocity value of 3.5um/s for which the linear increase of friction chasgor a constant
regime. This increase of the friction force witle tiliding speed was attributed to a stick slip
phenomena, and the transition at the critical vglo@lue (V = 3.5um/s) was assumed to be
the point of changing from a stick to slip regime.

Further experiments conducted by Priolo et al.083[69] on a boric acid crystal {BO3)

by the use of an AFM at constant relative humidRyH = 40%) and at ambient temperature
(30°) also showed a increase of the friction wita sliding velocity. They observed that for
low velocities, inferior to 2um/s, a smooth non linear increase of the frictitinibauted to the
predominance of stick forces. They suggested agrratl power-law dependence of atomic
friction in the form V' with a = 1.6 for small scanning velocities [70], whereafinear
dependence is observed at higher velocities dubketgpredominance of viscosity. For these

last studies, the behaviors were explained usirgttarmal Tomlinson model.

4.3. Friction force versus the sliding velocity variatio- Slope

change from increasing to decreasing

Most of the time, a logarithmic dependence has Weand, but speculations involving an
increase or a decrease of the friction force withdliding velocity are still negotiable.

By the use of a Scanning Force Microscopy (SFM)mzpd with a housing chamber, Optiz
et al. performed experiments at different environtakeconditions, to study the behavior of
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the friction force as a function of load and thidislg velocity[71]. They studied friction b
sliding a sharp silicon tip against a flat Si (1@&mple, while changing the environmel
condition from air to vacuum. During purdown in the vacuum chamber housing the S
the behavior of fction as a function of the applied normal load dhd sliding velocity
undergoes a change. Three distinct friction regimvere foun (Fig. 1.11): first regime at
ambient condition, where the capillary force donmsathe friction versus the slidinglocity
is represented by a negative slope as previouplyrted by Riedo et a[72], second regime
during pumpdown, when the humidity is progressively removédte slope changes to
positive value, they refer this to a residual w film remaining on the sample surface, t
has a thickness of about 0.7 nm and correlatedibm @omposed of 2 ic-like water bilayers
[73, 74] In this regime, ordering effects of the -like bilayers strongly influence frictio
leading to speculations that friction arises from thushing aside” of these bilayers by t
sliding tip. This last behavior is typical for hyghhobic wurfaces [71, 72]in the third regime,
after complete water desorption due to the cined effects of the vacuum and frict-
induced desorption, only so—solid contact remains, which exhibits the lowekttifon of all

the three friction regimes.

600 — \{;n ] (h) | (c)
’Z_ - L 8 - -
= 400 = Tee _
]
SR {* -
o
” Il Il ll I| Il ll II II il II II il || |I ||

] 4

10 10

] {l

10" 100 100 10
Sliding velocity [nm/s]

4

10 10° 10

Figure 1.11:Variation of the friction force with the slidingleeity, and a change in the slo
from a) where the capillary forces dominate in &r b) where ordering effects domin:
during pump down humidity is progressively remowsdi c) where soltsolid contact

remains. From ref [71].

Another recent study in 2006 by Chen et[75] reported AFM observations of frictic

dependency on velocity. For experiments conductedmdient conditions andith a silicon
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probe, they found that the friction decreases wiié velocity for system possessing the
potential to form cross-linked structures at theenface such as surfaces terminated with
groups such as -OH, -COOH, and -Nthat are capable of forming networks of H-bonds.
Whereas the opposite was found -friction increag#s sliding velocity- for systems that are
unable to form such networks, such as surfacesatieaterminated with chemically saturated
species, such as -O- (mica, dry 9i@nd -CH, that are unable to form such networks.

The assumption that the decrease of friction wlithrg) velocity is attributed to the formation
of water bridges is neglected by the authors ig thise since the surfaces were very flat (root
mean square roughnesg R 0.3 nm), and they assumed that no capillarygeridan form
except in a multiple asperity contact. Thereforéutther ascertain that capillarity did not play
a role in this case, a study was also done in UHW #he same resulting behavior was
observed. The results have been explained in tefrdisruption of the glassy H-bonds

network domains at critical applied stress leadnglippage.

4.4. Logarithmic dependence of friction force on the ding

velocity

Bouhacina et al. in 1997 performed experiments witAFM on surfaces of fairly rigid
polymer layers grafted on silica [76]. They obtairee logarithmic increase in friction force
with sliding velocity (for 0.1 pm/s <V < 60 um/@jig. 1.12). However, due to the fact that
the experiments conducted in ambient conditionsewmt enough reproducible to extract a
significant variation of the friction as functioffi the scanning velocity, the experiments were
conducted in a glove box in which the ppm of @d HO is controlle The increase was
explained by a thermally-activated simple stresshffed Eyring model [77, 78].
Nevertheless, depending on the type of the concurfaces and the range of sliding
velocities, deviations from the logarithmic depemckehave been observed.

8 One part per million (ppm) denotes one part p&tdarts, This is equivalent to one drop of wateutditl into
50 liters
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Figure 1.12: Fits and experimental data of frictiwarsus tip velocity for the organo-silanes

grafted on silica and probed with three cantileyezach with corresponding stiffness being

k1=0.58N/m (squares), k2=0.12N/m (triangles), andB=&38N/m (circles). The

measurements were done at zero externally appbiedsl Graph from ref [76].

In 2000, using a friction force microscope Gnectale performed the first measurements
related to the velocity dependence of atomic sfrtadBon under UHV [61]. For a silicon tip,
sliding on a NaCl (100) surface at low velocity /1 um/s), they obtained a increasing
logarithmic dependence of the mean friction forae the velocity. The results were
interpreted within a modified Tomlinson model, takiinto account the effects of thermal
activation.

In studies related to relative humidity (RH35%-65%), experimental results obtainedHy
Liu et al.using an oscillatory friction and adhesion te§t® showed a logarithmic decrease
in friction with the increasing velocity when a gape ball slides on a silicon wafer with
native oxide layer [80]. Such dependence was a@sod for AFM tips sliding on hydrophilic
CrN surfacedby Riedo et al. (Fig. 1.13) [7]. They assumed thatdecrease of the friction
force with the increasing scanning velocity wasrilaited to the interruption of the

development of the meniscus during sliding. Indeéy, considering the capillary

® CrN samples are customarily used in hard coatirghhology, the CrN films have been deposited at
temperatures of 500°C substrate temperature, wigiat to contact angle of 45° 81. Hones, P., R. iBasj
and F. Levy, Characterization of sputter-deposithdomium nitride thin films for hard coatings. Sagé and
Coatings Technology, 19994-95 p. 398-402.
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condensation between two rough surfaces duringnglidRiedo et al [7] suggested that when
the tip faces the surface at a local position émgkr contact times (lower sliding velocities)
capillary bridges can form also between more distsperities. For a contact area of
diameter d, the residence tirhes given byt = x/V whereV is the scanning velocity, and as
sliding velocity is decreased, there is a contirsuimgrease of the number of capillary bridges
forming in the area of contact.

However, they both observed the contrary on hydobmh surfaces such as partially
hydrophobic diamond like carbon (DLC/Si) films [82], where the capillary force does not
play a dominant role [7, 80, 83H. Liu et alreported that friction force exhibits only a sligh
increase in the low velocity range (0.09 - 1.3 pmésd a significant increase in the range
from 1.3 to 100 um/s. This increase was attribwitedigher velocities that lead to prolonged
deflection of the spring, since asperity interact@curs more frequently. The sapphire ball is
not able to return to its initial position and thmesulting in higher friction. The experiments
by Riedo et al. showed a positive slope for pdytiaydrophobic surfaces, whereas the slope
was negative on partially hydrophilic surfaces (Rid.3).
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Figure 1.13:(a) Friction force as a function of dilng velocity for partially hydrophobic
surfaces, at relative humidities P/PS = 0.34 angb0.(b) Friction force as a function of the
sliding velocity for a partially hydrophilic surfac(HT-CrN) at P/PS = 0.01 and 0.34. From
ref [7].
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They suggested that the overall friction force iieeg by superposition of the stick and slip
related increase and the capillary condensaticste®l| decrease of friction with velocity.

However, for atomically flat mica which is a hydtolic surface, it was assumed that on this
surface there is a mono-asperity contact in whizmuncleation of the capillary meniscus can
occur and the friction force increases with thdislj speed due to the domination of stick slip
process. Nevertheless, the experiments by Riedal. eshowed that for all samples and
humidities, a linear variation of the friction feravith In(V), which was in agreement with

literature [8, 61, 76, 80, 83].

In addition to the logarithmic dependency of thetion force on the velocity also found by
Riedo et al. [7, 83, 84], they found a criticalagty beyond which friction remains constant.
This behavior was explained by the fact that thérawivation is more efficient at low
velocity as it depends on the probability of tréosi between different equilibrium

configurations.

From the overview of the experimental results noer@d in this section (1-4), one can
summarize the variation of the friction force witie scanning velocity based on two main
processes. On one hand, a time dependent processimg intermolecular forces, or mainly
capillary forces based on a thermal activation @ftew bridges between the tip and the
surface, leading to a logarithmic decrease of tieidn force with the scanning velocity.
Moreover, layers covering the surface and whosergiaization under the applied shear
stress results in a decrease of the friction favnee they do not have enough time to
reorganize in a network. On the other hand, theamtation involving vibrations that may
excite a slipping process from one equilibrium posi to the next one. For this kind of
thermal activation, the increase of the velocitguees the probability of transition between
the different equilibrium positions leading to adeithmic increase of the friction with the
sliding velocity.

In addition to the logarithmic dependence thatlteen observed due to the thermal activated
processes, few experimental studies have reporf@o@ortional dependence of the friction
on V¥, with f equal to 1 or 2/3 based on an athermal Tomlinsodei However, most of the
results governing this approach have been donedtieally.

Most of the studies have been performed in enviemtsiwhere not all involved parameters

are being controlled such as the temperature,tasecomes difficult to decide which process,
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thermal or athermal, occurs in reality. In tabld We present a summary of the main results

mentioned for the dependence of friction forcetmngliding velocity.

Friction vs Velociy Model and note
FFM

Mate et al.
[55]

Tungsten wire tip
Graphite surface
Ambient conditions

AFM
Silicon cantilever
Amorphous carbon,
Diamond, and graphite
In air
FFM
silicon tip
NaCl(100) surface
UHV
Contact SFM
Silicon nitride
H3BO3
Ambient conditions
Constant RH (40 %)

Zworner et
al. [66]

Gnecco et
al. [61]

Prioli
et al. [69]

AFM
Silicon tip
Lipid films on mica
Ambient conditions

Gourdon et
al. [68]

SFM
Silicon tip
Flat Si (100)
From air to vacuum

Opitz et al.
[71]

AFM
Surfaces having the
potential of forming
cross linked structures
(H-bond networks)
Surfaces where no suc
Networks are formed
AFM
SizN,
Grafted layers on silice
Glove box

Chen et al.
[75]

Bouhacina
et al. [76]

Independence
0.004 pm/s <V < 0.4 um/s
Fn< 10N

Independence
0.002 mm/s< V < 24.4mm/s
3.3nN< [<83.4nN

FFxInV
V <1um/s
FN =0.44 nN ; FN = 0.65 nN

Fe o< VP, B=1 for V> 2um/s
Fe o< VP, B=1.6 for V < 2um/s
Fn =100 nN

Fr increase versus sliding
velocity

0.01 um/s <V <50 pm/s

Fr independent of sliding

velocity for V > 3.5 pm/s

0.01 um/s <V <10 um/s
In air friction decreases
During pump down friction
begins to increase

logarithmic decrease of the
friction with the
scanning velocity
logarithmic increase of the
friction with the
scanning velocity were no
networks are formed

FFxInV
0.1 um/s <V <60um/s
FN=0

Similar to 1D
Tomlinson model

Athermal 1D
Tomlinson model

Thermal 1D
Tomlinson model

Athermal 2D
Tomlinson model

Stick slip phenomena
Slip regime V >
3.5um/s

Decrease due to
capillary forces
Increase due to
residula water films
remaining on the
surface

Disruption of the
glassy
H-bonds network
domains

Thermally activated
processes
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Logarithmic decrease in frictior
with the increasing velocity on
hydrophilic surface.

Decrease due to
interruption of

Oscillatory friction and meniscus
H. Liu et Adhe_5|on testfar Slight logarithmic increase in th develor)_ment during
Sapphire ball slider : sliding
al. [80] : . low velocity range (0.09 - 1.3
Relative humidity (RH /), and|a significant increa Increase due to
~ 35%-65%), H ’ g " prolonged deflection
in the range from 1.3 to 100 pum of the sprin
for hydrophobic surfaces Pring.
Logarithmic decrease in frictior
with the increasing velocity on
AFM hydrophilic surface.
: V =[0-200um/s]
Nanotip Thermally activated
Riedoetal.  Mica (hydrophilic) o o J
. Logarithmic increase in friction process
[7, 83] CrN (hydrophobic, . . . :
" with the increasing velocity for
hydrophilic)

hydrophobic and atomically flat
surfaces.
V =[0-20 um/s]

Ambient conditions

Table 1.3: Overview of the main results for theatefence of the friction force on the sliding

velocity.

As discussed above, there are various experimeathlevements that have shown a
dependence of the friction force on the slidingoed#l. Most of these achievements were
explained by the Tomlinson model that was detadezliously, or by a thermally activated
process. This thermally activated process is réladi¢he presence of capillary condensation.
The presence of capillary condensation was alsestigated by Fogden and White who
extended the Hertz theory to analyze the elastntaod of a single sphere contacting a rigid
flat surface [85]. They considered the effect cdsétity based on the Johnson-Kendall-
Roberts (JKR) model for elastic deformation [26hey neglected the effect of capillary
pressure in the contact zone.

However, Maugis and Gauthier-Manuel [30, 31], askicthe model of Fogden and White in
the case of a Derjaguin—Muller—Toporov (DMT) comtasing the Maugis parametgr and
they noted that the same problem can be treatéladeifrogden and White model simply by
replacing parameters featuring capillary adhesiahss the capillary radil& with c, their
Xk with m, their Laplace pressurgp with —g, and 2rx with J; (these parameters are

previously noted in part 2). Nevertheless, thaynfibthat, for rigid materials, the depression
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inside the meniscus was too low to influence thenggtry of the contact, which remains
Hertzian [12]. The capillary forcEc acts as an extra load that adds to the applietiHQas
suggested by Derjaguin et al. [13]. The total agaploadF: is then the sum of the applied
load Fy, the capillary forcé-c and other forces like for example the van der Whmatse Rqw.
This capillary force has been proven experimentallipe contact time dependent [6], this is
related to formation of the capillary meniscus whis a thermally activated process. In the
following, we will highlight on the origins of theapillary meniscus and the mechanism

behind there condensation.

5. Capillary condensation

5.1. From water molecules to capillary bridges

Water is the most abundant compound on Earth'saseirfcovering 70.9% of the Earth's
surface, and is vital for all known forms of lif&8€]. Water exists as liquid at ambient
conditions, but it often co-exists on Earth withsblid state, and gaseous state (water vapor).
The chemical formula of a molecule of wateiH also called dihydrogen oxide is composed
of two hydrogen atoms covalently bonded to a sioghgen atom (Fig. 1.14-a). The
hydrogen atoms at the tips and the oxygen atorneavertex, they form an angle of 104.45°
with bond size of the order of the angstrom (A)isTparticular geometry and the higher
electro negativity of the oxygen compared to thdrbgen, result in a polar nature of the
water molecule. The oxygen end is partially negatand the hydrogen end is partially
positive, because of this, the direction of theotBpmoment points towards the oxygen. The
charge differences cause water molecules to bactdtt to each other (the relatively positive
areas being attracted to the relatively negatieasjt This attraction contributes to hydrogen
bonding which is a relatively weak attraction comgabto the covalent bonds within the water
molecule itself, it is responsible for a number physical properties of water, such as the
relatively high melting and boiling point tempernags.

In liquid water, the charges are balanced in akdations, but at the surface, and due to the
collective action of hydrogen bonds the molecuiles up in a kind of surface film layer. The
strong cohesion between water molecules givedaigeter surface tension. This can be seen
when small quantities of water are placed onto ruiem-free surface, such

as polyethylene or Teflon, and the water staystt@geas drops.
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Figure 1.14: a) A single water molecule formed o&tdms of Hydrogen and 1 atom of

Oxygen, b) the cohesion of water molecules cauats v climb in a tube.

Due to the interplay of the adhesion force anddidace tension, water exhibits capillary
action whereby water rises into a narrow tube agaime force of gravity. Water adheres to
the inside wall of the tube and surface tensiongen straighten the surface causing a liquid
surface rise and more water is pulled up throughesmn (Fig. 1.14-b). The process
continues as the water flows up the tube untileherenough water such that gravity balances
the Laplace pressure. This capillary action isardy present for macroscopic scales, but also
at nanoscopic scales, for example the sand cd&tiet[3, 87]. The sand particles are held
together by the capillary liquid bridges througlpitlary force that increase the cohesion
between sand particles. It has also been proventhkaparticle surface roughness mainly

controls the strength of the capillary bridges [44]

As mentioned previously, the capillary force wapressed geometrically according to the
formation of the capillary bridge between two soef& (Eq. 1.49). It was and for a long time,
mainly expressed by equations of Young, Laplace leealdin. But humidity and granular
media experiments showed that the formation of lieaipi bridges is time and humidity
dependent [7, 44, 87], this explained for exampke gtronger stability of sandcastles when
the wet sand was pressed for longer time. New nsaslete developed that take into account

the time and humidity dependency of the capillangé.

5.2. Kinetics of capillary condensation of water bridges

When two surfaces are brought close to each othamibient air, the presence of humidity
may lead to the formation of liquid bridges thatl Wwind both surfaces. This process is known
as capillary condensation whereby an under-satlirspor can coexist with the liquid phase
in small pores [88, 89]. This condensation procems have various effects in materials

science applications such as Atomic Force Microg@m Micromechanical systems [90,
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91], and could also have drastic effects on granoladia, modifying the friction and
adhesion properties. The mechanism giving riséhéocapillary condensation transition has
been studied using the SFA IShristensonin 1994 [92]. However the kinetics of the
capillary condensation is very poorly understoollleasurements of the kinetics of capillary
condensation were conducted by the use of a suface apparatus (SFA) for the first time
by M. Kohonen et al They investigated the growth rate of a liquid meuns after the
nucleation in an almost saturated water pressur25aC temperature and at humidities
typically 99 %. They found a growth rate betweéeh @. 2 nm/s for a menisci growing from
20 to 60 nm [93]. The authors used a model basedaogmuir’'s theory of the diffusion-
limited growth of atmospheric water droplets to lexptheir results [94].
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Figure 1.15: Schematic cross section of the sudaite the equivalent sphere-on-a-flat-
surface configuration in adhesive contact with andensed annulus. R is the radius of
curvature of the surfaces, h is the surface sepamaat the liquid-vapor interface of the
condensate~2r, twice the radius of curvature of the interfacey R si# is the radius of the
annular condensate, and R gins the radius of the flattened contact zone, Fogrf ref [93].

They considered a hydrophilic contact between &gpand a flat surface illustrated in Figure
1.15. The adsorption from the vapor phase givestasthin films (of thickness 3 nm) on
each surface which are squeezed out from betweesutiaces when they jump into contact
from a separation of approximately 20 nm [92, 9Bje initial value of r (the radius of
curvature of the interface) in the subsequent dgmnowft the liquid annulus by capillary
condensation is determined by the volume of ligqdeezed out from between the surfaces,
and varies between the different liquids and deifiéEvalues. The area of the annular shell at
a distancex was proposed to bk = 2zx [Rcosp — (R>-x°)?] outside of the liquid condensate
and the volume of the annulusfs ~ 4mRr?. Introducing the rate of change in the mass of
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the liquid condensat@, then from a simple diffusion theory and assunargjeady state has

been reached

_ Qdx

_ dax 1.65
de= G

wherec is the concentration (mass per unit volume) ofwligor atx, andd is the diffusion

coefficient, at the liquid-vapor interface»at= a where the pressui, can be calculated by
the Kelvin equation and at a far poixt= b where the pressurg, is equal to the vapor
pressure of the chambBy now integrating equation (1.65) between the twons a and b
and converting the concentration to pressure wiltgive:

QR,T (P dx

= 1.66
oM, J, A

Py, —F, =

whereRy is the gas constariL,is the temperature, amd, is the molecular weight. tfis the

radius of curvature at the liquid vapor interfatiee rate chang@ is given by:

ds dr

= pl— — 1.67
e=r (dr) X (dt)

Finally by substituting equation 1.67 in equatio6land executing the integration one gets,

dr _DM,P,

dt  RyTp

N
Yiv L] 168

P
G(r;R,®) [lnFS — exp ko Tr

where the ratio of P the effective ogtle saturation water vapor pressure correspontieto
relative humidity RH, hereG(r;R,®) is a function ofr and the measured geometric
parameter®k and®, The actual form of the functiof(r; R, ®) depends on the choice of the
upper limit of the integral in equation 1.66; howewthe results of integrating equation 1.66
are insensitive to this choice, provided % is chosen large enough (a convenient choide is
= R the radius of curvature of the surfaces).

It appears that the simple model described aboweiges a reasonable prediction of the time
scale over which the condensates reach their bquin sizes, at least for nonpolar liquids.
However, the model gave consistently larger coratéms times. Especially in the case of
water which displays the largest deviations, theothtical and observed initial rates of
growth differ by a factor of 10, and this was &ffiied to the effect of dissolution of inorganic

material from the surfaces.
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Moreover, many models regarding the kinetics ofltzay condensation were introduced and
one of the first and most interesting was presehie8ocquet et al. in 1988 [44]. In which
they have studied the effect of resting time onahgle of first avalanche of a granular system
of small spherical glass beads contained in aingtadrum. A logarithmic behavior was
observed for the ageing of a maximum static arigeing was not observed for beads with a
diameter superior than 0.5 mm, except at very ldrgmnidities. They concluded that the
humidity played a crucial role in the ageing of thalanche angle and that it was related to

the condensation of small liquid bridges betweenttbads.

Figure 1.16: Schematic representation of a capyllaridge between rough surfaces.

The developed model was based on the thermallyatet nucleation process of liquid
bridges. Bocquet et al. considered a contact of $alad surfaces in an unsaturated vapor
environment. At certain places of the contact whitve separation is too small, at the
interstices, capillary condensation should occug.(E.16). To start the condensing process of
a volume of unsaturated vapor surrounding the contact fwllaay water, to pass over
surface defects constraining the meniscus growdh free energy cost has to be overcome,
it is the threshold energy barri®E, and is given by

AE = kBTln<%)p.(2 1.69
where the ratio oP the vapor pressure ovBgthe saturated water pressure corresponds to the
relative humidity, T is the temperaturg, the liquid density, andcz is the Boltzmann
constant. The energy barri?¢dE can be influenced by local chemical heterogersitie
roughness or asperities of the surfaces [44, 9[,BB8assuming that the contact is formed

between two rough surfaces, the asperities arardisgty a heighh, the nucleation of a

53



From Tribology to Nanotribology

capillary bridge occurs at this point and has anm@ of nucleatiom? = hnr,2, wherer, is
radius of the capillary bridge formed. Considerangucleation process to commence, based
on the law of Arrheniuf it is possible to calculate the tirh@eeded to condense a bridge of
heighth

AE
t(h) = tyexp (ﬁ) 1.70
B

wheret, is the time estimated for the formation of onaiiijlayer. Later, Riedo et al. have
experimentally estimated the time needed to coreddresliquid layer to be of 25 ps [7]. And
more recently, measurements of temperature anddependent nanoscopic frictional forces
have shown that the growth of the nucleation tineeses exponentially with 1/T obeying the
law of Arrhenius [99].

After a given timet, the bridges with activation time inferior or efiua t will have
condensed. This sets the level for a maximum gaghtie,.x for which a bridge had the time

to grow:

In (t/tA)
In (PS/P) nr2p

Recently Sirghi et al. [100] reported that when iiieniscus is in thermodynamic equilibrium

Ao (6) = 1.71

with the water vapor, the capillary bridge hasnaitliroughly equal to twice the Kelvin radius
to remain formed.

When the contact is assumed to be between roudacesr only a fractiorf (t) is indeed
formed at a given time from the total number of liqaid bridges, in particular this is due to
the height distribution where only a part of thentawt is wetted. This fractiof(t) is

proportional to the number of activated bridges:

In (t/tA)
In (PS/ P) nr2p

whereé is the full width of distribution of the intergat heights between the surfaces.

f@) = hm‘”/f = 1.72

As previously mentioned (section 1-3.1), the capyllforce originating from a formed
capillary bridge in between a sphere and a fldseris:

% The Arrhenius law gives a dependence of the ramstaot t of chemical process on the temperaiuamd the activation

energy
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F. = 2nRy;y(cos8p + cos bs) 1.73

An adhesion forc&,qn the sum of the capillary forde,, due to the Laplace pressure of the

water meniscus forming between the tip and the samgiven by:
Fadh = f(t)FC 174

Following from the model developed by Bocquet etagle should keep in notice that it is
limited for the application of rough surfaces, dhd logarithmic dependency of the adhesion

force on humidity and time. These results werentdgeonfirmed by D’Amour et al [101].

5.3. Humidity dependence of a capillary force

Relative humidity is the process that governs ttterd of water adsorption on surfaces from
the surrounding atmosphere, numerous reports haygested that the adhesion forces and in
particular the capillary forces can be influencedthe change in relative humidity. They
report increase and decrease or even no variatitre@dhesion force with an increase in the
humidity. In this section, we will report a compegisive review of the literature concerning
the influence of the relative humidity on the ckgpy meniscus and the adhesion force.

At the end of the 1920s, the first insight concegninfluence of humidity on the force
between surfaces was noted by Stone, W. [102]. Biédena qualitative study of the adhesion
between pairs of glass spheres (diameter 1 - 2 suspended on silk threads. After
comparison, he noticed that the adhesion for exparis conducted in dry air is lower than
that at ambient air, and this was attributed topitesence of adsorbed water.

Tomlinson [103, 104Jtudied adhesion between pairs of quartz fibers @aics of glass
spheres by measuring the deflection of the fibehg studied freshly formed surfaces in
vacuum, and noted that on exposure to the atmospliee surfaces lost most of their
adhesion due accumulation of contaminating matten fthe air, reducing the surface energy
of the solid surfaces. The striking difference he ttrend between the observations of
Tomlinson and Stone no doubt stem from Tomlinsarse of freshly prepared surfaces in
vacuum, which will maintain much higher surface rgmes compared with the dry air
conditions of Stone.

McFarlane and Tabor [8] also conducted a more syaie study of the influence of relative

humidity on the adhesive forces. They studied titeraction between a spherical glass bead

55



From Tribology to Nanotribology

and a glass plate using a pendulum technique sitaldhat of Tomlinson [103]. In their
system they observed that the adhesion was ndgligiblow RH values, only showing a
notable increase at an RH of around 80%. This asmavas shown to correspond closely to a
notable increase in experimental values for thewdudsl film thickness of water on glass.

In the 1960s and early 1970s, Zimon studied thiiente of the humidity on the adhesion
force between glass spheres coated on to flat glassces [105]. He obtained two variations
for the adhesion force, he noted a slight increasthe range of RH = 5 - 50%, and an
increase of the adhesion for humidities above 588@& conclusion Zimon suggested that the
capillary forces are more dominant at higher hut@g] and this was interpreted by
McFarlane and Tabor's assumption about the donmnatf capillary forces once the
asperities are attached by fully formed capillangddes.

After introducing SPMs and especially the AFM, istrgation of adhesion forces was more
interesting and efficient since it allowed sengitmeasurements at the nanoscale of inter-
atomic and surface forces more accurately. Mangrtepgshowed that the force between a
AFM tip and a hydrophilic surfaces is dependenhomidity [106-110]

The AFM was employed by Sugawara et al., to meaadhesion between a standargNgi
probe tip measured and a mica surface [111]. Tipeyaded under ultrahigh vacuum (UHV)
conditions and under ambient pressure with reldtivaidities between 23% and 65%. Their
data revealed a smooth monotonic increase in aathesith increasing humidity. The
increase was in agreement with the experimengésllts done with a glass sphere of
radius several millimeters [14]. The adhesiorrease was said to be related to the water
films adsorbed on the surfaces.

In 2006 Jone®t al conducted by using an AFM, a thorough study @f éldhesion force
between a flat hydrophilic glass sphere of 20 umiusa interacting with a naturally
hydrophilic oxidized silicon wafer [112]. The adlws force increases monotonically with
relative humidity, a variation which was reversibher the range 5 - 90% RH (Fig. 1.17-a).
This increase was related to the capillary menisicesry.

M. Farshchi et al. by employing the AFM the infleerof the humidity on the adhesion force
for hydrophilic and hydrophobic surfaces [109]. bydrophilic surfaces the adhesion force
either showed continuous increase or a maximumevalh the humidity increase. An
example is shown in Figure 1.17-b for a contactvbeh a micro-fabricated silicon nitride tip
and a hydrophilic silicon wafer surface. The adbwesforce first increases, reaches a
maximum at 70% relative humidity, and then decreasgain. However these were assumed

as tendencies. The increase at low humidity in latbes is an indication of roughness.
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Moreover,no significant dependence of the adhesion forcnumidity was observed for
hydrophobic surfaces such as HOPG. This agreespfious results, where a significant
influence of humidity was observed on the adhedietween hydrophilic surfaces, while

hydrophobic surfaces showed no dependency [108,1143.
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Figure 1.17: Adhesion force versus relative hunyiditrves. (a) A hydrophilic glass sphere of
20 mm radius interacting with a naturally oxidizedicon wafer as measured by AFM (ref
[112]), (b) Force between a microfabricated silicaitride AFM tip and a silicon wafer (ref
[109)]).

The different dependencies of adhesion force vefrsusidity can be explained by the
presence of the meniscus force, which depends @isthe roughness of the contacting
surfaces. Slight changes in the tip or sample roagh can change the meniscus force
significantly. We will report an overview of litexae that has related variation of the

capillary force to change in surface roughness.

5.4. Roughness dependence of a capillary force

Surface roughness has a huge influence on manyriambophysical phenomena such as
contact mechanics, adhesion and friction. For exam@xperiments have shown that a
substrate with a root-mean-square (rms) roughnéstheo order~ 1lum can completely

remove the adhesion between a rubber ball and stratdy while nanoscale roughness will
remove the adhesion between most hard solids, reajgls and minerals; this is the reason

why adhesion is usually not observed in most maogs phenomena [115].

It is important to investigate the effects of sadaroughness on capillary force, because
surfaces are usually rough on the 1 nm scale, arfdcg roughness can critically influence
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the capillary force [116, 117], since the contangla will change from a rough surface to a
smooth one [118-124]. Several authors take roughim#e account by introducing a single
asperity [109, 110, 125, 126]. Halsey and Leving g8tended this approach to describe
interacting spheres by discriminating three reginieshe asperity regime, for low relative
vapor pressure and thus small liquid volumes, amlg capillary bridge is formed at the
outmost asperity, and since the asperity has al sadilis of curvature, the capillary force
will be low. In the roughness regime, for internegdi vapor pressure, the adhesion force
shows a linear dependence on the added volumeuiof fh agreement with the principal
result of Hornbaker et al. [87]. In this regime mand more capillary bridges are formed, and
the roughness dominates. To quantify the capilfarge, the force of one asperity is either
multiplied by the number of asperities or a disitibn of asperities is assumed [72, 127, 128].
And the spherical regime, at high vapor pressure, menisci merge into one continuous
capillary bridge; the overall radius of the bridgksninates the total capillary forces, and the
surface roughness will no longer play a significar.

Jang et al. [129] investigated how the capillarycéothat arises from the nanoscale liquid
bridge in a AFM is influenced by atomic scale rongbs of the contacting surfaces by using
Monte Carlo simulations. They varied the humiditgnh O to 80 % and found that at low

humidities, even a slight change in roughness ®tifhor surface (less than 0.6 nm roughness
value) leads to a drastic difference in the pullfofce. Whereas when humidity approaches

80 %, the roughness effect diminishes but neves goay.

6. Conclusion

In this first chapter, we have glanced over thetisn phenomena from how it originated
beginning from the macroscopic scale to the atdevel. The monoasperity in the cases of
adhesive and non-adhesive contact was reviewedigpehdence of the friction force on the
real area of contact and on the load in each casestated. A fundamental description of the
forces acting on the contact between a tip andfaswas mentioned with the focus being
given to the capillary forces that results from tbened liquid bridges, and two mechanisms
responsible for the formation of the capillary lgped were discussed, the nucleation process
and the meniscus growth process. Finally a brisfohical overview of some experimental
results obtained for the study of the friction ®neersus the sliding velocity, and the various
trend obtained. Nevertheless, friction at the nealesand how it varies with the sliding
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velocity has become a very strong and expandindystwhich has grasped the attention of
many researchers, but is still far from being weltlerstood.
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Chapter 2. The Circular AFM Mode

The Atomic Force Microscopy (AFM) offers interegtopportunities for the measurement of
normal and lateral forces with a high resolutiondaat the nanometer scale. However,
acquiring knowledge at the nanoscale at a broadange than that obtainable with a

commercial AFM necessitates the development oftiaddl technical characteristics that

allow performing measurements with a higher accyraaod on a stationary state. In this
chapter we will introduce a modification of the ginal AFM, by which we develop a new
mode to address the issue of the limitations eneoed with the conventional AFM. The

implementation and the possible application fietithis mode will also be discussed.

1. Motivation

Over the years, for the sake of expanding and impgothe measurement capabilities of the
Atomic Force Microscopy, researchers have introdumed proposed various modifications
to the basic technique. However experimental proaedare still subjected to limitations and
challenges that hinder their accuracy.

One main limitation is due to the back and forthvemaent of the probe when performing
lateral or normal force acquisition that resultghe halt of the displacement when the probe
reaches its limit of displacement in one directaord needs to invert its scanning direction.
The halt in the displacement will result in the lenion of the contact between the probe and
the sample. For instance, when the contact betwekwydrophilic probe and a hydrophilic
surface is at rest for an interval of time of a fealliseconds [99], a water meniscus between
the probe and the sample can form as previouslytioread (see section 1-5). This can be
detrimental to lateral force measurements, as tpesample contact undergoes two
contradictory situations: One during the rest m#siwhere capillary condensation leads to an
increase of the meniscus size and thus leadingy tm@ease of the capillary force and the

normal load applied to the probe, and another dutie sliding period, where the sliding
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disturbs the formation of the meniscus and coulttl Iéo its vanishing [130, 131] a net
decrease of the normal applied load to the prols Gan also be detrimental to adhesion
force measurements as it is accepted that adhdésioa measurements are contact time
dependent due capillary condensation (see sectid)1l Consequently, the measurements
are performed in a non-stationary state.

The nanoscale probe/sample interaction may alstvewignificantly due to plastic flow, or
viscoelasticity during these rest periods [7, 1823]. The back and forth motion results also
in strong changes in some probe-sample interagtiongxample, shear stress in the case of
imaging or nanotribological measurements and tleatis when the probe rests and inverts
its sliding direction. It is also not possible #ach high and constant velocity values that are
comparable to realistic velocities of displacemehthe contacts in nano or micro devices
(MEMs, hard disks...). Nevertheless, in all theseesaa non-stationary state is encountered
during scanning. In addition it is not possiblehwihe commercial AFM to measure adhesion
forces while the probe is sliding.

Therefore, to do this, and to overcome the previobstacles encountered with the
conventional AFM setup, we developed an originaMAgetup in the purpose of conducting

experimental procedures with high accuracy and tationary state (by eliminating the

commercial AFM limitations). The implementationbased on generating a circular motion
of the AFM probe relative to the plane of the sceféo get a continuous motion with no rest
periods. Moreover, this mode can be combined terothodes as force-distance spectrum
(which will be known as “Force mode” throughout thesis).

2. Circular mode Implementation

The Circular AFM mode is an innovative mode [5, [liBdwhich the motion of the probe is a
circular motion relative to the surface. The ciesuinotion of the probe is generated by the
application of voltages to the AFM piezo-actuatbattdrives the probe or sample stage
depending if the AFM is a scanned sample AFM ocanged tip AFM. The applied signals
act on the ceramics of the piezo-actuator causiegntto expand or contract.

In this thesis, the Circular mode has been impléetkan an original AFM (DI 3100 Veeco -
coupled to a nanoscope controller V). The Circutasde was obtained by combining a
sinusoidal voltage signal in the [-X, X] directi@f the scanner, and a sinusoidal voltage
signal shifted byz/2 in the [-Y, Y] direction of the scanner (Fig. 2.1)
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Uy = U coswt

2.1

Uy = Usinwt 29
Ux =-Ux 2.3
Uy =0y 2.4

, Where U is the voltage amplitude ands the angular frequency.
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Figure 2.1: Applied voltage to the piezoelectriarscer as a function of time to generate a
circular displacement. Cosine (cos) and sine (siojtages are applied to the X and Y

electrodes. The opposite voltages are appliedec-% and —Y electrodes.

The voltage signals can be produced and contrbNea Digital-to-Analog Converter (DAC)
device, a lock-in-amplifier, or a sinusoidal temsigenerator coupled with a dephasor. The
voltage signals are injected to the AFM scanneoubh a Signal Access Module (SAMs
BOX from Veeco). Figure 2.2 represents the genarplementation principle of the Circular
AFM mode to the AFM.

The implementation of the Circular mode (Fig. h2essitates:

A computer with a card (A) that permits generatigjtal phase shift between X and
Y voltage signals, and a software that allows adlvig and varying the amplitude
and the frequency of the generated signals acaprttnthe required (circular)

movement.
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- A Digital-to-Analog Converter (DAC) (B), an electric device that converts the
generated digital voltage to an analogical voltdg# is input to the AFM controller

through a SAMs box (D) to control piezo-actuatgnsils.

- Avoltage inverter (C) that permits to generateemed signals —X and -Y.
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Figure 2.2: Schema representing the implementasidhe Circular mode to the AFM. A) The
Computer, B) Digital-to-Analog Converter (DAC), @pltage inverter, D) signal access
module (SAM).

3. Circular motion parameters

The Circular mode offers two parameters of conteotegulate the velocity of the probes
displacement, the voltage amplitude U which setsrédiusR of the circular movement, and
the voltage angular frequeneywhich defines the interval of time needed to makemplete

circle. The scanning velocily is given by the following equation:
V = Rw 2.5

The value of the radius of the circle is calculabeded on the displacement of the piezo-
actuator to the relative voltage signals appliedttdOur AFM is equipped with a piezo
scanner (G scanner) that covers a full displacemaerge of 110 um when applying a 440 V

signal. In the linear range of the piezo-actualepending on the value of the voltage signals
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applied the radius of the circle R can be calcdl&i@sed on a simple mathematical method as
in the following:

Piezo full range displacement(um) X applied voltage (V)
2 X Piezo full range voltage signal (V) 2.6

R(pm) =

Based on the previous equations for the velocity e diameter, we present in table 2.1
some calculated values of the radii that were aelieat different frequencies with the
Circular mode:

Frequency 100 Hz Frequency 50 Hz

Table 2.1: Values of the radius and velocity atimas applied voltages and at different
scanning frequencies 100 Hz (left) and (right) 50 H
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It is worth noticing thafor the same radius valithe velocity of the probe at 100 Hz is dou

the velocity at 50 Hz. This clarifies that tvelocity can be increased not only by increas

the applied voltage (radius) but aby increasing the frequency sliding motior.

The radius of the circular motion is a key paraméie our experiments. Indeed, obtain a
sliding motion of the probe, the radius of the leirghould be larger than the contradius of

the area formed betwedme probe and the samf Thecontact radius can be determined fr

the Hertz theory (1-2.13nd ©uld be estimated to be in the range & 8m in the cas of a

nanoscale contact for friction measurements comduch a gold surfac(Young modulus of
thegold is about 79 GPa), by using a probe of 40 mirusaancunder the effect ca classical
applied load of 60 nN.

In our experimentshe radius of the circular motion varies in the o9 nm to 1.25 um
that is far from the contact3 nm radius estimated by the Hertz theory in rgalonditions.

This is confirmed in Figure.2from which we can clearly see the circles obtaibgdvearing

with the Grcular mode a gallium arsenide surf:

Figure 2.3: 5 um x 5 pmopographic contact modimage of the circular imprints obtain:
with the Grcular mode at different sliding velocity on a tamn arsenide surface (GaA:s

with a silicon nitride tip (R 4C nm) and normal cantilever stiffnesg &0.3 N/m).

Finally, it is worth mentioning that the circulaispglacement could be easily implemented
commercial SPM since one has access to the intesigglals of the pie-actuator.
Technically, the commerd SPMs just require a minor software modificatioor
implementing the @cular mode Moreover, the @cular mode could be employed either w

an open-loop or closiop system, however for the cl-loop system the implementation
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the Circular mode necessitates technical modibcatiof the SPM. The Circular mode on a

close-loop system has not been tested.

4. Circular motion in the horizontal plane of the sdmp

Using the Circular mode at high sliding velocityutw be challenging on rough surfaces as
the servo loop is not able to correct the devigtiaf the cantilever at high scanning
frequencies. Therefore, conducting experiments thghCircular mode on surfaces with low
roughness is easier as no servo loop is requirathiotain a constant load while scanning the
sample However, if no servo loop is applied themains a problem related to the tilt of the
sample surface, which may lead to deviation ofdineular motion of the probe out of the

plane the sample. Therefore, by mounting the sample micromechanical table (Thorlabs -
GN2 - Small Dual-Axis Goniometer, 1/2" Point of Rton (Fig. 2.4) it can be tilted until the

sample surface is perfectly parallel to the horiabpiezo-actuator displacement.

Figure 2.4: Micro mechanical table (Small Dual-Ax@oniometer), employed for adjusting
the tilt of the surface in order to have the tipgendicular to the horizontal plane of the

surface.

The adjustment of the tilt is carried out simply grforming scans at a 0° scan angle along
the [-X, X] direction of the scanner, and at a 86an angle along the [-Y, Y] direction. This
shows, by the use of the offset parameter from rded time plane fit offered by the
Nanoscope AFM software, the angle of the inclimatbthe surface (Fig. 2.5).

To insure that the surface is not tilted or bumpedhe region were the experiments are
conducted, we choose the scan size of the cablorgirocess larger than the maximum
circular displacement of the probe (diameter ofdinele) used in the experiment (Fig. 2.5).
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Figure 2.5: Image that represents the inclinatiomgke of the surface during scanning a)
before adjusting the micromechanical table b) afeljusting the micromechanical table,

were the tip is perpendicular to the plane of thdace.

5. Advantages of the Circular mode

A benefit of the Circular AFM mode is the contingoand constant scanning motion, which
allows avoiding inconveniences caused by the resbgs of the probe resulting from the
conventional back and forth scanning mode (seaosedt5). Therefore, the Circular mode

offers the opportunity to perform measurementsstationary state.

It also offers advantages such as the possibditgenerate high sliding velocities when no
servo loop is required to maintain a quasi-constiaaid. For instance, in our AFM
(Dimension 3100, Nanoscope V from Veeco, USA), hbezontal resonance frequency of
our piezo-actuator (G scanner) is about 450 His ltechnically possible to scan at this
frequency and generate at a full-scale scan (119 m@tocities higher than 100,000 um/s.
The velocities reached with the Circular mode gpectlly three orders of magnitude higher
than scanning velocities generated with the comeeat AFM, and are comparable to
realistic velocities in macro, micro or nano desgic€ollecting data with a high resolution at
these realistic velocities offers new opportunities investigating velocity dependent
properties such as friction or wear (at the nanle¥cilowever, it is not certain if operating
under these conditions (high displacements at friefgluencies) may or may not damage the
piezo-actuators. In our particular operating caodg, the voltage amplitude is limited to 10

V and the frequency is set to 100 Hz leading tpldisement velocity of about 1200 um/s.
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Moreover, for an open-loop AFM system, the Circulaode necessitates a far less
complicated method for calibrating the piezo-actuaisplacement. Indeed, in classical AFM
scanning, back and forth scans are realized insthealled fast scan direction. These
consecutive scans are slightly shifted perpendidol@he fast scan direction (called the slow
scan direction) and are added one by one to foemntiage. Because of the non linearity and
creep of the piezo-actuator, the voltages appliedhe two directions of the piezo-actuator
follow a complex equation that requires the catibra of three parameters to generate a
voltage function that conducts to a linear scarb[1B particular, the full calibration of the G
scanner (used in our D3100 AFM) requires the cafibn of fourteen parameters that are
determined through a relatively long and compldibcation.

However, when using the Circular mode, there arennce fast and low scanning directions.
The voltage sent to the piezo-actuator is sinusewth respect to time for the two horizontal
directions. One should then only consider the mogakity of the scanner sensitivity for each
direction leading to a simpler and reliable pierzt4ator calibration. Practically, the
calibration of the piezo-actuator for obtainingaturate circular motion of the probe can be

easily realized using two different methods.

1) The first method is the classical calibrationtmoe that requires the use of a reference
sample such as a calibration grid. In this casepmpose to impose sinusoidal voltages of
various amplitudes in either the X or Y directiamdao measure the resulting displacement.
This method is mostly adapted for low frequencyldisements, as an effective servo-loop is
required to generate the “height” signal.

2) The second method consists in measuring thalair¢rack resulting from wear or plastic
deformation obtained with the Circular mode at»aedi amplitude and frequency. This last
method is particularly interesting as it is simdist and reliable even if, it is less accurate
than the conventional method, due to the errorcgan the width of the track. This method
is especially adapted when the piezo-actuatoresd as$ high frequencies since the servo-loop
is generally not efficient at these frequenciegureé 2.6 clearly shows the evidence of a
circular track due to wear generated with the d¢acunotion. Obviously, this method is
damaging for both the sample and the probe.
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Figure 2.6: Calibration method: Contact AFM topogiac image of a gallium arsenide
(GaAs) thin film surface (image size: 3 um x 3 pii)e circular track in the image is
created by the circular displacement of the problative to the sample in using the Circular

mode at a sliding velocity of 1000 um/s for threesecutive minutes, under a load of 80 nN.

Finally, another interesting feature of the Circul@ode is that along with the possibility of
combining the Circular mode to the classical modssadhesion force mode or friction force
mode, consequently, it is possible to measure samebusly adhesion forces or friction

forces while the relative probe/sample displacenseaircular.

All the above advantages are determining in phyfsicgjuantitative measurements at a local
scale i) that require stationary state conditioms,that require realistic high velocity

displacements or iii) that require adhesion ortifsit force measurements while the probe is
sliding. Such advantages of the Circular mode carelan impact in metrological aspect of

nanotribology, nanoadhesion, or in probing propertt the nanoscale.

The main characteristics of the Circular mode ammrsarized and are compared with the

conventional modes in table 2.2.
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Circular mode Back-and-forth mode

+ In both directions: sinusoidd + In the fast scanning frequency qugsi
voltages, no harmonics triangle voltage, many harmonics

+ Easy to achieve constal + Difficult to achieve displacements pt

velocities  whatever  th constant velocities especially at high
frequency frequencies
+ Fast calibration process + Time-consuming calibration process

Actuating | + Smooth and  constaf + Strong inversion of scanning directipn
the scanner scanning two times a line

+ No stop periods (exceptq + Stop periods, accelerations and
stick-slip), accelerations arj decelerations occur at inversion
decelerations

+ Easily achievable stational + Unachievable stationary state due|to
state stop periods and inversions of the

motion direction

Both modes could be:
4+ Combined with LFM mode, but back and forth convemil mode allows
acquiring friction loops to achieve local frictioneasurements, whereps

Circular mode allows measuring friction force atomstant and continuoys

Coupling
_ sliding velocity (servo-loop should inactive)
with other : : : o :
+ Combined with force spectrum but this combinat®mat implemented in
modes commercial AFM
+ Combined with others SPM modes: STM, SNOM, conkdeitl, Tapping
mode, etc...

Table 2.2: A comparison between the characteristi€ghe conventional mode and the

circular AFM mode.

6. Applications of the Circular mode

Wear can be defined as a process in which intenact the surfaces or bounding faces of a
solid with its working environment results in dinsgmnal loss of the solid. A serious issue is

that wear rate tends to depend strongly on the malgnof the loading force, leading to a
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dramatic variation of the wear rate as the slidiogditions change. However, for different
operating conditions (materials, geometry, roughnémimidity...) and sliding velocities,
wear is dominated by different wear mechanisms @scklelamination, fatigue, seizure, or
surface cracks [136, 137]. Furthermore, wear atrtheometer scale is generally a slow
process that results in low depth wear tracks d@hatdifficult to measureThe advantage in
achieving high sliding velocities with the Circulamode makes it possible to investigate the
evidence of wear at the nanoscale. Indeed, theepsiites over the same distance with less
time than in the case of using classical AFM maésulting in a faster wear process. For
example, an experiment conducted on a gallium atsesample with a silicon nitride contact
probe (radius R 40nm, stiffness&=0.3 N/nm)), at a load of 80 nN and a sliding velpoif
1000 pm/sequires 3 minutes to generate a track, which @a&b.5 nm in depth (Fig. 2.7).
However, the equivalent experiment when conducteth v conventional AFM at a
frequency of 10 Hz needs fifteen minutes. This tlomais generally too long to prevent any
drift of the piezo-actuators that disturbs the measents.

0 50 100 150 200

b)

Height (nm)
(=

Displacement (nm)

Figure 2.7: Imprints with the Circular mode on aalum arsenide (GaAs), analyzed by
mountains digital surf Software. The Imprints résisbm experiments performed with a
silicon nitride contact (stiffnessyk= 0.3 N/m) probe at a humidity of RH = 45% (a)
Magnified image of the track generated by the dacumotion for 3 consecutive minutes,
under a load of 80 nN at a sliding velocity of 1Q0@/s. (b) Profile showing the depth of the
track.

The well-defined wear track generated by the CacdlFM mode can be used to determine

an Archard coefficient that was introduced by Halnd Archard. This coefficient relates the
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volume worn per unit sliding distance, to the loand the indentation hardness. The equation

IS given by:

0 =BLD/H 2.7

, Where(2 is the total volume worm) is the sliding distancd, is the loadB represents the

Archard coefficient, and H defines the hardneshefcontacting surfaces.

The same experiment as the previous one was pextbbmt with a silicon probe (higher
stiffness Ik = 5 N/m), the experiment was conducted at a sliglgcity of 2000 um/s, and

Figure 2.8 shows obviously that the silicon prabeasily worn contrary to the silicon nitride

probe. Figure 2.8-a, b look the same because tieps self imaging in this case.

Figure 2.8: 5 um x 5 um topographic images (witliagping tip) of a Titanium surface,
circular imprints resulting from performing expemmis with a tapping tip (stiffnesg & 5
N/m) at a humidity of RH = 42% , clearly show weéthe tip a) for a 10 sec sliding motion
b) for a extra 20 sec.

In a more general way, the Circular mode couldropleyed for changing quickly the surface
properties that can be modified by the probe-sanmmqkractions. As examples, i) circular
features generated by wear tracks, lithographydain or any modifications of the physical
surface properties (magnetic, electrostatic...) cdaddemployed for data storage, or ii) the
Circular mode could be employed to polish surfamefor machining surfaces by wear, by
combining the Circular mode with a translation ¢aspment. It is possible to generate easily
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and rapidly surface features of any forms by thiscess by using abrasive probes such as
diamond coated probe.

Finally, the Circular mode is a useful and profiéatmol in other nanoscale applications such
as: nanotechnology, nanopolishing, nanolithograpbitechnology, nanoadhesion and

nanotribology etc (Annex. 2).

7. Conclusion

In this chapter we highlighted why experimentinghnthe commercial AFM for investigating
at the nanoscale can have some limitations thadtidally affect the contact between the
probe and the sample. Limitations such as the badkforth displacement of the probe that
leads to rest periods allowing the contact to exollie limited sliding velocity range, etc. As
a result no stationary state and high sliding vigjagre attainable. Therefore we implemented
our newly developed circular AFM mode that helpgroeme the limitations encountered
with the commercial AFM. The Circular mode giveghhisliding velocities, a constant and
continuous sliding motion, combining the mode tioentclassical modes (force mode) etc.

In the following chapters, we will show that ther&@ilar mode is a powerful tool to get new

insights in friction mechanisms at the nanoscale.
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Chapter 3. Velocity dependence of adhesion in
a sliding nanometer-sized contact — A Circular
mode study

Capillary adhesion acts as an additional normaldom a sliding nanometer-sized contact
therefore it plays an indirect role in friction memnisms (section 1-4). In particular, some
authors[7, 71, 76, 80, 83have attributed the logarithmic decrease of thetifsn forces with
the sliding velocity in a sliding contact betwewm thydrophilic surfaces, to a decrease of the
capillary adhesion. However no experimental evigehas yet been sighted. In this chapter,
we present the first experimental evidence of thie of capillary adhesion in friction
mechanisms and we propose a model to explain gargmental results.

1.Combining the Circular mode with the conventional
force distance mode

The force mode in theonventional AFM allows acquiring force-mode spewctr In this
mode, the probe follows a back and forth vertiégplhcement (at a given retracting velocity)
and the interaction force F between the tip andstmaple, at a given distance, is determined

by the cantilever deflectior]Z, following the Hooke's Law:

, Where k; is the normal cantilever stiffness (Annex. 1).
The force curve represents the cantilever defladdige to interaction forces versus the piezo-

actuator displacement. Figure 3.1 represents #tepsan be distinguished on a force curve.
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Y. =
_____ A
----- Approach E

Retraction

Adhesionforce | E
=Azx Kca\ntilever

Cantilever deflection (nm)

Piezo displacement (nm)

Figure 3.1: Typical force spectra observed expemtally. The curve shows the steps of the
cantilever deflection during a single force measueat, A) when the tip is out of contact, B)
snap into contact with surface, C) tip is in contath the surface, D) tip retracting from the
surface contact, E) snap off from the surface ccnfBhe value of the cantilever deflection
(nm) during snap off multiplied by the normal céver stiffness will result in the adhesion

force value (nN).

At the beginning of the vertical movement of tigtobwards the surface (supposing a scanned
tip scanner) the cantilever is not bent, and naderare acting on the tip due to the large
separation distance (A). When the attractive fostast to act on the tip they result in small
downward deflections of the cantilever, a snap tuatact of the tip to the surface occurs,
resulting in a cantilever deflection that when muad corresponds to the attractive forces
(B). Then, the tip remains in contact with the aaef while adhesion between the tip and the
surface develops (C). In the reverse motion of gb@nner, the tip is in contact with the
surface until the jump off from the surface occthat corresponds to a Z-piezo-actuator
displacement that is different than the snap-inqI&), and finally, the cantilever gets back to
its equilibrium state. The pull off force on thede distance curve is measured quite larger
than that of the snap in, which is due to the aidineforces, capillary forces, and short range
forces.

Conversion of the force from voltage to metric arig obtained by setting the slope to one
when a probe and a rigid surface are in contadhifhcase, no indentation can occur and the
cantilever deflection will correspond to the pieaduator displacement.

In our experiments, we combined the conventionetfanode with the Circular mode. In
such case, one can acquire force spectrum (vedispllacement of the probe) while the probe

IS moving in a circular motion (in the plane of gemple).
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Therefore, when in contact, the probe slides onstiréace with a circular motion, and the
snap-off resulting of the vertical displacementtd probe represents the adhesion force in a
sliding nanometer-sized contact. The advantagesinguthe Circular mode rather than a
conventional back and forth displacement is thatiwtary states are attainable as constant
and continuous displacements are performed whesuriag with the Circular mode.

A comparison of the combination of the force modethe conventional back and forth
scanning and to the Circular mode is schematicafpyesented in Figure 3.2.
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a) high shear stress, etc.

' Snap off Crobe in contact
e - ™
Circular motion > '

' (L of the probe e

' e .
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Snap into contact
b) >"#P

Figure 3.2: Schematic of a) the back and forthistidnotion of a probe with the conventional
AFM mode coupled with the adhesion force specth& ifiversion is clear at the end of the
track, and this will lead to rest periods, that tarn will lead to an evolution of the

probe/sample contact. b) the Circular mode couphsth the adhesion force spectra. The
probe slides in a circular motion while performirfigrce spectra, a stationary state is
attainable with constant and continuous sliding imoino acceleration, deceleration, or rest

periods).

In conclusion, combining the force mode and thec@ar mode allows measuring the

adhesion force in a sliding nanometer-sized contaca stationary state and at high sliding
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velocities. This experimental set-up will be usedirtvestigate the influence of the sliding

velocity on the capillary adhesion between difféfeydrophilic surfaces.

2. Experimental procedure
The following procedures were followed for all expeents reported in the thesis conducted

with the Circular mode:

i) Topographic contact mode images (5 um x 5 um) iasé dcquired to select the
appropriate portion of the sample to perform thpeexnent (Fig. 3.3). By analyzing
the topographic images, average roughness of @acpls was also calculated.

i) Force volume images were also taken for each satoptesestigate the homogeneity
of the adhesion forces between the probe and sgiplex. 3).

Roughness (Ra): 0.05 nm
Static contact anglef): 5°

Roughness (Ra): 0.34 nm
O z81°, Or ~65°
Static contact angled): 70°

Roughness (Ra): 0.23 nm
/N z810, Or z650,
Static contact angled): 75°

Roughness (Ra): 0.16 nm
NG 290,0Rz18°
Static contact angled): 25°

Roughness (Ra): 0.16 nm
0Az68°, 0R554°
Static contact angled): 45°

Roughness (Ra): 0.08 nm
0,=111°,6r95°,
Static contact angled): 104°

Figure 3.3: 5 um x 5 pm topographic image of a)ari} silicon nitride c) gold d) glass e)
silicon f) HOPG, surfaces with their respective gbuess value and the stati),(advancing
(#a) and receding {r) contact angles with water; The surfaces were @eguwith contact
AFM tip.
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iii) After each experiment, topographic AFM images intaot mode are acquired. It
worth mentioning that no wear or plastic deformatweas noticed on the surfaces
used afer performing experiments withircular mode (comparable topograp
images at the same place of the sample were treximgnts were conducte

iv) Static contact angle measurements with water wieceperformed to characterize t
hydrophilicity of the surfaces. The contact angle was measureallfeurfaces by th
use of a (Ramétart Contact Angle Goniome) (Fig. 3.4-a).We used the stat
sessile drop methaghd deposited a 2L drop of water on a flat surfacThe angle
formed between thdquid/solid interface and the liquid/vapor inteais the stati
contact anglelt is simply calculatedy drawing on the obtained image a line tanc
to the liquid/vapointerface at the contact lin

Figure 3.4: (a) Image ofhe contact angle goniometer, (b) Imagé the drop o a gold
surface the measured anglecorresponds to the angle between the basi (the liquid/solid

interface) and théiquid/vapor irterface.

All surfaces were cleaned by ethanol in ultrasduath for a period of time ranging from 5

10 min, whereas, mica and HOPG were cleaved jdstdperforming the experimer

3. Experimental dat- adhesion force valgeat different
sliding velociies

Using the Circular modéorce measuremeniwere conductedvith a triangular cantileve

(normal cantilever stiffnessyk= 0.5 N/m) and a silicon nitride tip. The retractwmglocity at
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which the force spectra were measured was set 1o pOn/s. The adhesion forces
corresponding to the cantilever deflection duehi® interaction forces during snap off were
measured as a function of the sliding velocity. Meaments were conducted on various
hydrophilic surfaces such as CVD gold, siliconidgf silicon wafer, glass and mica, and on
various hydrophobic surface such as methyl gradtiebn wafer (Sins), and Highly Ordered
Pyrolytic Graphite (HOPG).

Figure 3.5 shows typical force spectra obtaineal i@ative humidity higher than 40 % in air,
at room temperature (24°C) with a silicon nitridp {radius 30-40 nm), on a HOPG

hydrophobic sample (104° static contact angle wilter) and at different sliding velocities.
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Figure 3.5: Force Spectra acquired on a HOPG (Cantangled = 104°, roughness R=
0.05 nm) at different sliding velocities a) 0 mnw)s0.1 mm/s, ¢) 0.3 mm/s, and d) 1 mm/s. As
sliding velocity increase, the adhesion force remaionstant. The experiment was conducted
with a slicon nitride probe of cantilever stiffnesfsky = 0.57 N/m, and at a relative humidity
RH = 40%.

The force spectra obtained on a freshly cleaved Gi@&mple or other hydrophobic surfaces
such as methyl grafted silicon wafer &) surfaces clearly show that the adhesion force
(cantilever deflection) remains constant whatewer gliding velocity is. This is expected for
hydrophobic surfaces as no capillary forces carfacsuch surfaces. The adhesion force is
only the contribution of the attractive van der \Ilgdarces.
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However, for hydrophilic surfaces the adhesiondatecreases with an increase of the sliding
velocity. Figure 3.6 shows typical force curvesanhed at a relative humidity higher than 38
% in air, at room temperature (24.4°C) with a sticnitride tip (radius 30-40 nm), on a
hydrophilic CVD gold surface (60° static contacgkwith water).
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Figure 3.6: Force Spectra acquired on a CVD golgda(Contact anglé = 75°, roughness
R, = 0.23 nm) at different sliding velocities a) 0 fspb) 0.1 mm/s, ¢) 0.3 mm/s, and d) 1
mm/s. As sliding velocity increase, the adhesiomefodecreases. The experiment was
conducted with a slicon nitride probe of cantilewaiffness of & = 0.57 N/m, and at a
relative humidity RH = 38%.

For adhesion measurements at humidity higher to&f, 8apillary condensation can occur in

the case of hydrophilic surfaces in contact, whiekults in capillary forces acting on the

probe. These capillary forces are dominant in theeaion force, at the nanoscale [138, 139].
The decrease of the adhesion force results froraceedse of the capillary adhesion, which
means that the capillary meniscus is disturbedenié probe is sliding on the surface. One
can assume that at high sliding velocities the llzaipi meniscus has vanished and that the
adhesion force results only from the attractive ganWaals forces acting between the probe
and the surface [131].

For further confirmation of the previous assumpti@ahesion force measurements were

conducted with the Circular mode under argon (tuea® low relative humidity values 5 -
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8 %, at these humidity values a capillary menis@amnot form) with a home-made chamber.
Comparable adhesion force values were obtained fovoe curves acquired with the same
silicon nitride tip on different hydrophilic surfes (silicon wafer, CVD gold) in air with the
Circular mode at high velocity on one hand, andearadgon (where no capillary meniscus is
formed) as previously suggested [7, 130, 132] erstime sample with no sliding on the other
hand (Fig. 3.7)-

600 700

B / £00
400 =l
400

300
300
200
200
100

Deflection Error {nrm)
Deflection Errar (nrm)

100

0 50 100 1500 200 290 300 3500 400 450 0 S0 100 150 200 250 300 350 400 450
Z(nm) Z [nm)

Figure 3.7: Force spectra measured on a gold s@fé@ontact anglé = 60°, roughness R
= 0.23 nm) with the same tip (Silicon nitridexR30 nm) at different humidities (left) under
argon with no velocity and (right) in air at a réiee humidity of 44% with a sliding velocity

of Imm/s.

Other reasons could be proposed that could cawseiaion of the adhesion force with the
sliding velocity.

For instance, the volume of the capillary menissikchange if the shape of the tip changes.
Thus the tip geometry can fundamentally change dapillary force. Therefore, when
performing experiments with the Circular AFM modeay destruction or modification of the
tip can be the reason for the decrease of thelagpfiorce. In our experiments, we used an
AFM silicon nitride tip (DNP cantilevers from Veécwhose radius, R (typically R equals to
30-40 nm) was estimated by Environmental Scanniegtéon Microscopy (ESEM) imaging
(Fig. 3.8). The (ESEM) images were taken before &itet the experiments and no change in
the geometry or the radius of the probe was notatetie resolution of the ESEM (Fig. 3.8).

Moreover, average adhesion forces calculated fromnth of force curves at zero sliding

™ if one is concerned with the limitations of camijl adhesion in an adhesion force measurement,cane
notice that experiments with the circular mode mhhsliding velocities can result in the same valwé the

adhesion force as if the experiments are conduatedcuum, with no additional equipment.
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velocity were systematically acquired on a refeeesample, before and after conducting each
experiment on a given surface, and the values wa@rgarable. This procedure eliminates the
possibility of attributing the decrease of the et force to any change in the tip form or

contamination of the tip.

Plastic deformation of the materials due to thentpgessure applied on the materials by the
probe could also occur. However, contact topog@ptiiM images where taken before and

after each experiments and did not show any impontall the surfaces resulting from plastic

deformation or weaf-

Before experiments After experiments

Figure 3.8: ESEM images of silicon nitride tip bef@and after conducting experiments with

the Circular mode on a glass surface

4. Adhesion force dependence on the sliding velocity

Using the Circular mode, we conducted adhesionefaoreasurements versus the sliding
velocity on model hydrophilic substrates with diffet physical-chemistry surface properties,
such as gold, glass, silicon wafer, silicon nityidad freshly cleaved mica. The experiments
were conducted at room temperature~(25°C), at relative humidity RH > 30% and with a

silicon nitride probe (R 30°).

The behavior of the adhesion force as a functiotheflogarithm of the sliding velocity on a
mica sample (static contact angle with waier 5°, R, = 0.05 nm) is presented in Figure 3.9.

One can notice three regimes:

12 One should be care that wear of a gallium arser(i@aAs) and titanium surfaces obtained with a sitic

nitride probe was used for the calibration procdast these surfaces are not used for our expetignen
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The wet regime (Regime 1), at low sliding veloati¢he adhesion force is independent
of the sliding velocity, and has high values. Imsthegime, the adhesion force is a
contribution of both the capillary and van der Védalrces.

The intermediate regime (Regime IlI), that starts afritical velocity referred to as

Vsiart at Which the adhesion force starts to linearlyréase with the logarithm of the

sliding velocity, this decreasing behavior for thdhesion force has already been
suggested by E. Riedo [7] for explaining the foatiforce dependence on the sliding
velocity.

The dry regime (Regime Ill), at high sliding velioes, the adhesion force is

independent of the sliding velocity. In this regirttee adhesion force is only the

contribution of the attractive van der Waals formed the capillary forces have

vanished.
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Figure 3.9: Adhesion force (computed from 10 s@eoctrror bars represent the standard
deviation) versus the logarithm of the sliding e#lp for a mica surface (relative humidity
RH =41%, tip radius is Rz 30 nm), the adhesion force follows three reginiesquared

values R correspond to the best linear fit of the internageiregime. Lines on the curves are

for visual aid of the three regimes

Figure 3.10 shows experiments conducted at the saperimental conditions (tip radius R =
30 nm, humidity, temperature) as that of the presiexperiment on mica, and the behavior of

the adhesion force on all surfaces results in dasirtnend to that observed on mica surface.
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Figure 3.10: Adhesion force versus the logarithnthef sliding velocity with the same probe
(R= 30 nm) and the at the same relative humidity (RK186) for a) silicon nitride sample
(static contact angle with water = 70°), b) silicon wafer sample (static contactgén with
water § = 45°), ¢) gold surface (static contact angle witaterd = 75°). The adhesion force
varies with the In (V) following three regimes. @ared values Rcorrespond to the best
linear fit of the intermediate regime. Lines on th@rves are for visual aid of the three

regimes.

Figure 3.10 shows that for hydrophilic surfaceg trend for the behavior of the adhesion
force versus the logarithm of the sliding velocélways follows three regimes: the wet
regime, the intermediate regime and the dry reghvie.also notice that My (the logarithm
of the sliding velocity at which the second regibegins) decreases when the hydrophilicity
of the surfaces is increasing. However, we do mat & clear trend for ) due to the
variation of the surface roughness. The evolutibriVg,: with the hydrophilicity of the

surface is also expected if we consider that faiven tip radius and at a given relative
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humidity, the size of the meniscus increases wWithhydrophilicity of the surface. Indeed, it

takes more time for the capillary meniscus to mefeompletely if its volume is high. For our

experiments, the size of the capillary menisculigher for the mica (lower contact angle)

and lower for the gold (higher contact angle). TH®an Vgt is the lowest for the mica sample

(volume of the capillary meniscus is high) and lirghest for the gold sample (volume of the
capillary meniscus is low). We checked that theigar scanning velocity does not change the
trends we observed for the adhesion force and §@r V

Figure 3.11 shows another set of experiments cdadweith the same tip (R = 25 nm) and at
the same relative humidity (experimental conditjorighe behavior of the variation of the

adhesion force with the logarithm of the slidingoogty shows similar results to the previous

one. In particular, Y Still changes with the hydrophilicity the surfaceshe same manner.
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Figure 3.11: Average adhesion force as a functibthe logarithm of the sliding velocity with
the same probe (R= 35 nm) and at the same relatimeidity (RH = 48%) for a) glass (static
contact angle with watefl = 25°), b) mica (static contact angle with watér= 5°), c) gold
(static contact angle with watet = 75°) sample, the adhesion force varies with [th€V)
following three regimes. R-squared value$ d®rrespond to the best linear fit of the

intermediate regime. Lines on the curves are feuai aid of the three regimes.
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Finally, the adhesion force values in the thirdimegywere calculated and compared to those
of the van der Waals force values calculated thmaily for a silicon nitride probe in contact
with a specific sample. The van der Waals force vadsulated based on the equatidpR/

6d?

, WhereAy is the Hamaker constant and correspond to valoes fef [140], R is the probe
radius, and d is the smallest separation distand165 nm) [33]. The results are shown in
Table 3.1.

Ay (x109) Fvaw theoretical Fvaw experimental
Surface Probe -
in air (J) (nN) [140] (nN)

Mica R =25 nm 12.8 23.5 19.58
SizNg R= 30 nm 16.7 30.67 11.21
Glass R=25nm 10.8 16.52 8.38
Silicon wafer =~ R=30 nm 16.84 30.92 20.04

Table 3.1: Comparison of the obtained experimeathilesion values of the third regime with

the van der Waals force values calculated theaséfar the contact between a probe and its
specific sample. The van der Waals force were tatied based on the equatiélé; and Ay

is the Hamaker constant.

5. Measurements performed with same physical chemical
properties at different humidities

The three regimes observed in the previous expeatsrae depending on the evolution of the
capillary meniscus with the sliding velocity. Moxaw, the evolution of Mt can be
correlated to the size of the capillary meniscus.

To check this assumption, we measured the variatiohe adhesion force with the logarithm
of the sliding velocity on the same sample (gold)l &y changing the humidity. The results

are shown in Figure 3.12.
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Figure 3.12: Average adhesion force as a functibthe logarithm of the sliding velocity with
the same probe (R 40 nm) on the same CVD gold sample (static coratagte with watep

= 75°). The curves show a change in thg\as the humidity is changing.

We notice that in the first regime, for experimetwsiducted at higher humidity, the adhesion
force is higher; this is in agreement with therltere. Furthermore, Theg\ (the logarithm

of the sliding velocity at with the second reginegims) is decreasing with the increase of the
humidity. It has already been shown in the literatthat the meniscus size is humidity

dependent (section 1-5.3). This suggests thatelgebing of the intermediate regime is size
meniscus dependent. The trend we observe is algpad agreement with our qualitative

assumption (Fig. 3.12).

6. Reversibility of the behavior

We have conducted an experiment to study the vamiaf the adhesion force with the sliding
velocity, by increasing step by step the slidindoey (in this case, the meniscus is
vanishing) and then decreasing it step by steth{gcase, the meniscus reforms) (Fig. 3.13).
The same variation of the adhesion force with tiding velocity was observed for both
experiments. This confirms that our experimentscamducted in a stationary state and that
the decrease of the adhesion force is not relateshérgy dissipation due to friction, but that

it is really related to the capillary meniscus @#sdsanishing or reformation.
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Figure 3.13: Average adhesion force as a functibthe logarithm of the sliding velocity with
a silicon nitride probe (R 40 nm) and the on a gold sample (static contagiewith water
6 = 75°) at a humidity of 37%.

7. Theoretical approach of the influence of the shdin
velocity on capillary adhesion

Different behaviors of the friction force with thdiding velocity were reported in the
literature [7, 8, 80]. In particular, Riedet al. [7] showed a linear increase of the friction
forces with a logarithmic increase of the slidinglocity for partially hydrophobic surfaces
and a linear decrease of the friction force with #tiding velocity for partially hydrophilic
surfaces. The authors attributed the increaseeofribtion force to stick slip process. They
also suggested that the decrease was attribueeth&rmally activated nucleation process that
can occur in the gaps formed by a multi-asperitytact and that is time or sliding velocity
dependent [7].

Indeed, the nucleation time of a capillary bridgeail nm gap between asperities in the case
of a silicon AFM probe and a soda lime glass hanlexperimentally estimated to be of the
order of the ms, for temperatures ranging from R38 332 K at a relative humidity of 40 %
[99]. While increasing the sliding velocity, thepdéary meniscus is disturbed by the relative
displacement of surfaces and has less time tomefs a result, an increase of the sliding

velocity leads to a decrease of the capillary fofidee capillary adhesion acts as an additional
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normal load in the friction mechanism, and a desmeaf the capillary adhesion results in a
decrease of the friction force.

The model of Riedo et al. is an extrapolation af@el previously proposed by Bocquet et al.
[44] that describes the capillary adhesion proaessgranular media. The model of Bocquet
was determined in considering a macroscopic coimaghich multi-asperity contact situation
can be reasonably considered. However, Riedo diaale done the same assumption that
supposes the existence of many asperities (mydardlg contact) on the two surfaces in the
vicinity of the contact between the probe and ta@e, but at the nanoscale. In this model,
the nucleation of a liquid bridge of voluntebetween two asperities, at a temperature T and

at a relative humidity R costs a threshold free enetfy [44].

AE = kBTln<%)p.Q 3.2
, wherep is the molecular density of the liquid in units lemles/m. Commensurate with this
thermally activated process, Szoszkiewicz and R[€8p have experimentally estimated the
nucleation energy barrier of a capillary bridgeaigap of 1 nm height formed by asperities
between a silicon AFM probe and a soda lime gladset about 1 eV, similar to the values
reported by Greiner et al. [8]. If we consider &leation process, we can estimate by using
the experimental value ofE reported in references [99] and equation 3.1vibleme of
water,Q, of the capillary bridge to be 0.4 AnThis volume corresponds approximately to a
dozen of water molecules which is about 500 timesller than the number of water

molecules needed to form the complete water mesiamund a probe of 25 nm radius [99].

In the previous section, we have presented thedusr-direct experimental measurement of
the influence of the sliding velocity on the adbesiforce, on both hydrophilic and

hydrophobic surfaces, by the use of the Circuladend he linear decrease observed for the
capillary adhesion with a logarithmic increase lo¢ tsliding velocity also suggests that a
thermally activated process is responsible foH@wever to explain such behavior, one can
consider either nucleation of water bridges betwaefaces close to each other or the growth
of the capillary meniscus that are both thermadijivated processes in which the meniscus
formation has to overcome energy barriefR, i) to initiate the formation of the capillary

bridges or meniscus, ii) to pass over surface defanstraining the meniscus growth [97].
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To make a choice between both processes, let’sd=mrthe results obtained on an atomically
flat surface as a mica surface. Riedo and al. [&3¢rted an increase of the friction force with
the sliding velocity when conducting experimentsaomica surface. In this configuration, she
assumes that nucleation cannot occur in the comrigdbr an atomically flat surface, the
asperities are atomic. Therefore, the authorsbated the increase of the friction force with
sliding velocity to a stick-slip mechanism. Howewvis assumption is not confirmed by our
experiments conducted on an atomically flat micdase that have shown a linear decrease
of the adhesion force with the logarithmic increat¢he sliding velocity (Fig. 3.9) and that
cannot be explained by a stick-slip process, oalmycleation process only. As Riedo et al.
[83], we also believe that the capillary condemsathat is efficient to explain the behavior of
capillary adhesion with the sliding velocity occanound the contact and not in the mutli-
asperities. This assumption is sustained by comgbany analysis of the system. In
particular, the ESEM images of the probe apex tddefare and after each experiment do not
clearly show asperities or high roughness at tmidtion of the ESEM resolution, and the
rough mean square roughnesgvRlues computed with 1pfTapping mode™ images are
very small (Table 3.2). In addition, the surfacegloness depends on its area and should be
extremely small in the wet area occupied by the isteis [141]. Therefore, there is no
evidence of high enough asperities in the contaed 8 generate the nucleation of full water
bridges around the contact area.

This behavior of adhesion force with the slidingoe#ty on an atomically flat surface cannot
be explained by a nucleation process. However,cavtgr process in which the capillary

meniscus nucleates and grows from the probe-sacopkact can explain it.

I ) e R )
105

HOPG 0.05
Sichs 0.20 100
Mica 0.03 5 5 44 9
Si 0.16 60 60 134 2.25
SizNg 0.34 70 105 270 2.7
Gold 0.23 75 151 596 4

Table 3.2: Material features and experimental dé®g,is the root mean square roughness

determined from a 1uMAFM tapping mode™ topographic image,is the static contact
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angle with water, Wa, Veng are respectively the sliding velocity at which theermediate

regime starts and ends in the same experimentalitons.

In particular, evidence of the presence of a capilimeniscus throughout the intermediate
regime is confirmed experimentally by error barattbhow that the adhesion force value in
regime Il never decreases to the attractive foedaer In addition, the trend reported fos.M

with the hydrophilicity of the surface (Table. 3.8hows that the capillary meniscus is
disturbed at lower sliding velocities as the hydibpity of the surfaces, which governs the
volume of the capillary meniscus at its equilibristate, increases.

In our model we assume that the water vapor madschhve to overcome a total energy
barrier that is a distribution of local energy lens due to local surface defects such as atomic
roughness or local chemical heterogeneities (Fiti4-a), while the capillary meniscus is

growing,

AE¢o = Z AEl’ocal defects 33

In the ideal case, if no local defects are presbetgrowth capillary meniscus process will be
thermodynamically favorable and the meniscus wihginstantaneously (Fig. 3.14-b)
Figure 41 represents the decrease of the energehaersus the increase of the growth for

both cases, when local defects are present and mgten

Energy
Energy

Energy
barrier

Meniscus diameter Growing
meniscus

_—

: 9 - .
Meniscus diameter Growing
meniscns

—_—

Tip

Sample

Sample

a) b)

Figure 3.14: Growing meniscus around the tip-samgiatact. The energy barrier becomes

higher when the number of surface defects incredsaag the meniscus growth. There is an

increase of the meniscus diameter as the energeases. a) An instantaneous decrease of
the energy with the increase of the meniscus demmé) The energy consists of various

energy barriers due to local defects.
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The local energy barriers could be also relatedh&o nature of the triple interline region
(vapor-liquid-solid interface) that is dependent e shape of the meniscus, and more
importantly on the meniscus contact angle withghdace. This contact line can be distorted
by local defects that can be isolated point defemtsurface defectdl42, 143] (Fig. 3.15)
while the meniscus is growing. A point defect can due to atomic asperities or atomic

roughness or a surface defect related to local cadimeterogeneities.

Figure 3.15: The triple line and it distortion ihé presence of local defects, image from ref
[142].

Furthermore, the growth energy barrier cost (Fid4B AE', is influenced by theskcal
defects, it increases when their number and thedr iacrease [44, 93, 96-98]. The value of
AE' is supposed to increase as the edge of the agpiianiscus spreads onto the surfaces
while growing (more defects are present). Therefone can assume in a first approximation
thatAE' is proportional to the perimeter of the wet cohtaea of the meniscus with both the

probe and the sample. This perimeter is,

, Where,R; is the radius of the wet contact area of the noesisvith the probe and the
sample.
The radius of the wet contact area can be estintagecbnsidering that the capillary force

between two hydrophilic surfaces in contact caeXjgess as,

F. = 2nRpy;,,(cos B + cos Op) 3.5
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, WhereRe is radius of the probe&) andds are the static contact angles with water of the

probe and the surface respectively.

The capillary force acting on an area of confait also given by

E. = AP, = nR?P, 3.6
, WhereP, is the Laplace pressure
1 1 Yiv
P, = (—+ —) ~ = 3.7
L= Yw " Ry

R« is the Kelvin radius, and equating equations {3% - 3.7) gives [33]:

Ry = \/2RpRg[cos B + cos 6] 3.8

The time t to overcome the energy barA&f, is given by an Arrhenius law [44]:

AE'
t = tyexp <kBT> 3.9

, Where,ty is a pre-exponential constant. Following this mpdee resident time of the

meniscus at the vicinity of the defect is proporéibto the inverse of the velocity, V:

1 —AE’
Voc;ocexp(kBT> 3.10

Based on our initial assumption tiaE' is proportional to the perimeter of the menisculR, 2
we obtain by combining equation 3.10 with equat®B when the meniscus reaches its
equilibrium state (i.e at V = ¥):

—AE’

In(Vgigre) <W> x —R; x —/[cos 8 + cos Op] 3.11
B

From equation 3.11, we expect that the logarithm Y, is proportional

to —/[cos Os + cos Bp]. The experimental data reported on Figure 3.16&dor hydrophilic
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surfaces (the data correspond to the experimewntsrsion Figure 3.9 — 3.10, show a linear

trend as predicted by a model integrating the gneagrier of the capillary growth process.
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Figure 3.16: Ln (¥war) in function of[cos 5 + cos 6,]%°. All results are obtained at the
same relative humidity and with the same tip (4R#b and 30 nm tip radius). The linear

behavior is in good agreement with a model based thrermally activated growth process.

8. Conclusion

In conclusion, we have used the Circular mode tfopm the first experimental study of the
influence of the sliding velocity on capillary adien in a sliding nanometer-sized contact.
We showed that for hydrophobic surfaces such as®l@Rractive forces that are mainly van
der Waals forces remain constant with the slidielgpeity. For hydrophilic surfaces, adhesion
forces, mainly due to capillary forces decreasatibigmically with the sliding velocity from a
threshold value of the sliding velocity {4) and vanish at high sliding velocities. This
threshold value could be related to the menisczs ather than to sample roughness. This
behavior is observed on a nanometer sized conttetelen an atomically flat surface and
smooth probe, and the kinetics of the capillarydamsation are suggested to be related to a
thermally activated process that find its origireither the meniscus growth process or in the
nucleation process. However, a model based onrthetly process of the capillary meniscus

is in good agreement with the experimental data.
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Chapter 4. Capillary adhesion versus friction —
Preliminary results

The friction force is dependent on the load, andwas have previously shown that the
capillary force which acts as an additional extdrigad to the probe is affected by the sliding
velocity, it is now interesting to study how fractiwill change with the sliding velocity. This
has been discussed previously in the literature,ibuhe following we will investigate the
influence of sliding velocity on the friction bypying the Circular mode. In addition, the
mode allows the possibility of measuring directhd anstantaneously the friction coefficient
and its variation with sliding velocity can be dgsobtained. Such variations on various
hydrophilic and hydrophobic surfaces and, the clatien between the friction coefficient

and the adhesion force are discussed.

1. Measuring lateral force spectra with the Circulaode

In classical friction measurements the probe iswsed back and forth perpendicular to the
main axis of the cantilever. The friction force un@és a torsional response of the cantilever
that is measured by the lateral force (LFM) sigmad the friction force values are computed
from the friction loop, i.e. the difference betweitre LFM signal of the back and the forth
displacement (section 1-3.3).

However, when performing a circular motion, it iespible to measure the lateral forces
induced by the torsion of the cantilever, simplyduding a lock-in-amplifier (E) (Annex. 4),
which measures the average amplitude of the frictiwce at a selected reference frequency

that sets frequency of the circular motion (Fid.)4.
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Figure 4.1: Additional instruments to the Circulanode implementation of schema

represented in Fig. 2.2; the lock-in-amplifier (y measuring the amplitude of the friction

force at a selected reference signal.

When using the Circular mode, the friction forceowd be decomposed in two terms, the
parallel ik and perpendicular y\w=components of the friction force, where the Y dii@n
corresponds to the main cantilever direction (H@). The parallel X component of the
friction force generates an alternative torsiontled cantilever and the LFM signal has a
sinusoidal shape for which the amplitude is prdpoel to the friction force and the
frequency corresponds to the frequency of the l@raunotion. Similarly, the perpendicular Y
component of the friction force generates an adtive bending of the cantilever and the
‘error’ signal also has a sinusoidal shape. If sleevo-loop is active, this will generate a
sinusoidal displacement of the piezo-actuator enZhexis direction leading to a non constant
load and a coupling between normal and frictiorcdsr If the servo-loop is not active, the
LFM and ‘error’ signals have a sinusoidal shape thete is no coupling between the two
signals. The bending of the cantilever in the Yediilon does not affect the normal load
significantly as the external load is not direcpplied to the probe.
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Position 1

Position 2

Figure 4.2: The probe moving in a circular motiaorh position 1 to position 2. When the
cantilever is at position 2 during sliding the fian force is equal to £ the component

perpendicular to the main axis of the cantilevatthenerates an alternative torsion, whereas
at Position 1 the friction force is equal ta Ehe component parallel to the main axis of the

cantilever and generates an alternative bendinthefcantilever.

In addition the local friction force (that corresyls to the lateral force at a given location on
the sample) cannot be measured as it is measuthd tase of a back and forth conventional
scan, because in the Circular mode 1) the slidirgction only occurs parallel to the X axis
direction, twice per circular cycle, 2) the friatidoop cannot be realized as the probe is
always turning in the same direction (no trace eatichce), 3) if the servo-loop is active, there
is a coupling between friction and normal forces.

This is not a limitation as if one assumes thatftlotion force does not depend much on the
location, it is possible to measure an averagédndorce by measuring the amplitude of the
LFM signal during circular motion and without usitige servo-loop. Previously, authors have
suggested similar method using Lateral Force Mdituid144-146].

In our experimental set-up for measuring the foictiforce, we take advantage of the
capability of the Circular mode to be combinedtie force mode. This combination allows
varying the external normal applied load by impgsenvertical motion (perpendicular to the
plane of the sample) to the probe while it is slidin a circular motion on the plane of the
sample. We have direct access to a lateral foreetspn that corresponds to the lateral force
(measured by the lock-in amplifier) at differentmal loads (which are proportional to the Z
piezo-actuator displacement).

It is worth mentioning that acquiring the frictidoad dependent curve is time consuming
when operating with a conventional AFM, whereass ibcquired instantaneously with our
experimental set-up. One can also notice that passible to directly extract the friction

97



Capillary adhesion versus friction — Preliminarguks

coefficient value if the friction load dependensdinear or if the Amontons law is verified. In

this case, the friction coefficient is given by lepe of the friction force spectrum. Finally,

this experimental set-up allows acquiring simultarsdy adhesion and friction force spectra
(Fig. 4.3).
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Figure 4.3: Simultaneous acquisitions of a) adhesiad, b) friction force spectra, conducted
on a gold sample as a function of the piezo-actudisplacement. The calibration factor of
the lateral force is 200 mV/nN (Annex. 1). Thetifsit coefficient is equal to 0.085 at a
sliding velocity of 300 pm/s.

All the experiments reported in the next sectiorsacquired in the air, with a silicon nitride
tip (and triangular cantilever) whose normal sefs is about k= 0.4 N/m. The vertical

velocity for varying the normal load is set to fui/s.
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2. Friction with the normal load

Friction spectra were acquired on various hydrophaslirfaces such as HOPG or methyl
grafted silicon wafer and glass, and hydrophilidates such as freshly cleaved mica, silicon
nitride, silicon, glass and gold surfaces. Figurgsand 4.5 show typical friction force spectra
acquired with the Circular mode at low and highdisly velocities for hydrophilic and

hydrophobic surfaces respectively.
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Figure 4.4: Friction spectra obtained with the Qitar mode on hydrophobic &k (a and ¢)
and HOPG (b and d) surfaces at high sliding velesit(curves a and b) and at low sliding
velocities (curves ¢ and d).

For hydrophobic surfaces, a linear dependenceeofrittion on the load is clearly observed

at low and high sliding velocities (Fig. 4'2)

13 One should notice that even when the tip is na@bintact with the surface, the lateral force is meto. This
small offset of the baseline of the spectrum cdddrelated to the piezo-actuators motion that vibsathe

cantilever when it is in the air.
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Figure 4.5: Friction spectra obtained with the Qitar mode on hydrophilic mica (a and c)
and glass (b and d) surfaces at high sliding veiesi(curves a and b) and at low sliding

velocities (curves ¢ and d).

For hydrophilic surfaces (Fig. 4.5), at low slidiwglocities, the curves deviate from a linear
trend at low normal loads when the tip is closetite snap-off, whereas at high sliding
velocity, the linear dependence is clear. The djgace observed on the hydrophilic surfaces
at low sliding velocities could be attributed toetleapillary meniscus that disturbs the
measurements at very low load. This disturbanaeisobserved in the case of hydrophobic

surfaces as no capillary meniscus is formed.

3. Friction force versus In (V) at a constant normaed

Figure 4.6 represents the friction force versusldlae at different sliding velocities obtained
with the Circular mode on a CVD gold surface, €R0.23 nm). (Not all curves have been

represented for visual clearance).
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Figure 4.6: Friction spectrum (friction force v@mmal load) on a hydrophilic gold surface
(static contact angle with water 75°, roughness=R0.23 nm). The results are obtained with

a silicon nitride probe (R 30°) of stiffnessyk= 0.5 N/m, and at relative humidity of 33%.

When varying the sliding velocity, a linear depemzke of the friction force on the load is
observed at each velocity (the Amontons law isfst). In addition, the slope of the friction
versus load curve is decreasing as the slidingcitglts increased. Figure 4.7 represents the
variation of the friction force with the logarithof the sliding velocity at normal constant
loads for a CVD gold (R= 0.23 nm).
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Figure 4.7: Variation of the friction force with ¢hlogarithm of the sliding velocity at two
different constant normal loads on a gold surfaseat{c contact angle with water 75°,
roughness R= 0.23 nm). The results are obtained with a sitigotride probe (R= 30°) and
at humidity of 33%. The data are obtained from Fegd.6.
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Three regimes are observed for the trend of fmctmrce with the sliding velocity as it was
for the variation of the adhesion force. The lingl®crease of the friction force in the
intermediate regime has already been observed bgioRet al [7]. They attributed it to a

decrease of the capillary adhesion. Experimentshen previous chapter, experimentally
confirm this assumption.

Figure 4.8 represents the variation of the frictiorce with the load for a freshly cleaved
HOPG surface (R= 0.05 nm) at different sliding velocity.
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Figure 4.8: Friction spectrum (friction force vs moal load R on a hydrophobic freshly
cleaved HOPG surface (static contact angle withevd4°, roughness,R= 0.05 nm). The

results are obtained with a silicon nitride prolde £ 30°), of stiffnessyk= 0.5 N/m, and at
relative humidity of 38%.

As for the CVD gold surface (Fig.4.6), the frictiatependence on the load follows an

Amontons law and the slope is also varying. Howether slope is increasing in this case, and
it was decreasing for gold.

Figure 4.9 represents the variation of the frictionce with the logarithm of the sliding

velocity at normal constant loads for a freshlyagked HOPG surface (R 0.05 nm).

102



Capillary adhesion versus friction — Preliminarguks

100
/’.

S | |
E 80 , /,
(D] / |
© 60 .
o & .

4 /,’ .20 nN
§ 40 - .
§ ———————————————— | o
T 20 -

0 | | I I I
4 45 5 5.5 6.5 ,
Ln(V[pum/s])

Figure 4.9: Variation of the friction force with ehlogarithm of the sliding velocity at three
different constant normal loads on a freshly clehiAOPG surface (static contact angle with
water 104°, roughness,R 0.05 nm). The results are obtained with a siicotride probe (R
~ 30°) and at a humidity of 38%. The data are oladifor Figure 4.8.

The results show two regimes in which the frictforce increases linearly with a logarithmic
increase of the sliding velocity. The increaseheffriction force can be attributed to stick-slip
phenomenon. Authors in ref [147] also propose itheduld be attributed to a restructuration
of the water molecular film under the contact.

Finally, we present in Figure 4.10, the variatidrthe friction force with the load for a freshly

cleaved atomically flat mica surface,(R0.03 nm) at different sliding velocity.
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Figure 4.10: Friction spectrum (friction force veisnormal load {) on a hydrophilic freshly
cleaved mica surface (static contact angle withewd®, roughness R= 0.03 nm). The
results are obtained with a silicon nitride prole £ 30°), of stiffnessyk= 0.5 N/m, and at
relative humidity of 35%.
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As for the atomically flat hydrophobic surface (Fg8), Figure 4.10 shows for an atomically
flat mica surface, a slope that is increasing whih sliding velocity and the Amontons law is
still verified

The variation of the friction force at a constarad with the logarithm of the sliding velocity

on a mica surface is represented in Figure 4.11.
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Figure 4.11: Variation of the friction force witlhe logarithm of the sliding velocity at three
different constant normal loads on a mica surfas@t{c contact angle with water 5°,
roughness Ra = 0.03 nm). The results are obtaindd avsilicon nitride probe (R 30°) and
at humidity of 35%. The data are obtained for Figdr10.

Figure 4.11 shows an increase of the friction fomith a logarithmic increase of the sliding
velocity. This trend was also observed by Riedalef83] and it was attributed to stick-slip
phenomenon as they assumed that for a monoasperitgct as for a mica surface, capillary
adhesion is not velocity dependent. We experimbngilowed in the previous chapter that

this latter assumption is not valid.

Finally, for hydrophobic or hydrophilic surfacefiettrend of the friction force with the
sliding velocity seems to be related either toigkstlip phenomenon (when the friction force
is increasing) or to the capillary adhesion (whiea friction force is decreasing). However,
the case of an atomically flat hydrophilic micafage is interesting as it shows that friction
force is increasing with the sliding velocity whilee adhesion force is decreasing.

In the next section, we propose to investigate tbie through the variation of the friction

coefficient with the sliding velocity.
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4.Variation of the friction coefficient with the sind)
velocity

The Circular mode allows computing directly thection coefficient from the friction
spectrum obtained at different sliding velocityaifinear dependence of friction with the load
is verified. All friction coefficient values repa in this section are taken on the linear part of

the force spectra (section 4-2).

Figure 4.12 to 4.16 represent the variation offtletion coefficient with the logarithm of the
sliding velocity for various surfaces as a gold£R®.23 nm), glass (& 0.17 nm), HOPG (R
= 0.05 nm), and mica & 0.03 nm).
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Figure 4.12: The variation of the friction coefait with the logarithm of the sliding velocity
on a gold surface (static contact angle with wa#”°, roughness R= 0.23 nm). The

experiment was carried out with a silicon nitrid@pe (R~ 30 nm) at a relative humidity RH
= 41%. The best fit in the intermediate regime is giveralinear fit The R-squared value,

R? correspond to the best linear fit of the internageliregime.

105



Capillary adhesion versus friction — Preliminarguks

0.22

0.18 - '%\

0.16 -

Friction coefficient

Ln(V[um/s])

Figure 4.13: The variation of the friction coefait with the logarithm of the sliding velocity

on a glass surface (static contact angle with waéf, roughness R= 0.16 nm). The

experiment was carried out with a silicon nitrid@pe (R~ 30 nm) at a relative humidity RH

= 38%. The best fit in the intermediate regime iieeg by a linear fit. R-squared value$ R

correspond to the best linear fit of the intermeeigegime.
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Figure 4.14: The variation of the friction coefait with the logarithm of the sliding velocity

on a freshly cleaved HOPG surface (static contaggle with water 104°, roughness, R

0.05 nm). The experiment was carried out with &ail nitride probe (R 30 nm) at a

relative humidity RH = 34%. The best fi?jfs given by an exponential.
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Figure 4.15: The variation of the friction coefait with the logarithm of the sliding velocity
on a freshly cleaved mica surface (static contagjle with water 5°, roughness, R 0.03
nm). The experiment was carried out with a silicanide probe (R~ 30 nm) at a relative
humidity RH = 42%. The best fit is given by an equtial.

0.2
=
.g 0.15 - R2=0.92
5 §o--Ee T
3 01 - il
5 i
% R;2=0.99 ¢
O J -3 g7 —
= 0.05 @_,,/—%’ R,2=0.91

O T T T T

2 3 4 5 6 7

Ln(V[um/s])

Figure 4.16: The variation of the friction coefént with the logarithm of the sliding velocity
on a freshly cleaved mica surface (static contagle with water 5°, roughness Ra = 0.03
nm). Experiments were carried out with a silicotride probe (R~ 30 nm) at a relative

humidity RH = 42%. The three regimes can be fitedarately by an exponential that fits

best.
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In the case of a rough hydrophilic contact, R0.1 nm), we show that the variation of the
friction coefficient with the sliding velocity fadws three regimes as in the case of capillary
adhesion, (Fig. 4.12 and Fig. 4.13). In the inteli@i@ regime the friction coefficient

decreases linearly with the logarithm of the veloci

However, for smooth hydrophilic surfaces, as fresttbmically flat mica (Ra = 0.03 nm) the
friction coefficient increases with the sliding weity following two or three regimes (Fig.
4.15 and Fig. 4.16); these regimes can be fittquhrs¢ely by an exponential or linear
functions. However, further experiments shouldcbeducted to decide. It is worth noticing
that three trends could also be observed on tbioini force vs sliding velocity curve in figure
4.11, at a normal load of 50 nN.

The case of an atomically flat HOPG hydrophobidaxe (R, = 0.05 nm) shows that the
friction coefficient increases linearly with thedshg velocity (the best fit in Fig. 4.14 is given
by an exponential).

Finally, our results show that the friction coeftiat is affected by both the roughness of the
surface and by the capillary adhesion. A comparisetween the behavior with the sliding
velocity of the friction coefficient and the capily adhesion should bring new insights to

explain this interplay.

5. Interplay between capillary adhesion and dissipatio
a contact

Adhesion force and friction coefficient variatios® represented for two different hydrophilic
surfaces and hydrophobic surfaces with differenighmesses (Fig. 4.17 to 4.20). On the
graphs, the abscissa axis is similar for both quest(adhesion and friction coefficient),

whereas the ordinate axis depend on the paranhetiistrepresented.
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Figure 4.17: Variation of the friction coefficieand the adhesion force with the logarithm of
the sliding velocity on a gold sample;(R0.23 nm). The experiment was carried out with a

silicon nitride probe (R 30 nm) at a relative humidity RH = 42%.
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Figure 4.18: Variation of the friction coefficieand the adhesion force with the logarithm of

the sliding velocity on a freshly cleaved mica skemphe experiment was carried out with a

silicon nitride probe (R 30 nm) at a relative humidity RH = 40%.
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Figure 4.19: Variation of the adhesion force and thiction coefficient with the logarithm of
the sliding velocity on a freshly cleaved HOPG slemphe experiment was carried out with

a silicon nitride probe (R 30 nm) at a relative humidity RH = 38 %.
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Figure 4.20: Variation of the friction coefficientth the logarithm of the sliding velocity on a
silicon wafer grafted CH(Sichs) surface (static contact angle with water 98°, ghness R=
0.2 nm). The experiment was carried out with a@ailinitride probe (R 30nm) at a relative
humidity RH = 40%.

In the case of hydrophilic surfaces, it is cleatiypwn that the variation of either the adhesion

force or the friction coefficient follows three ieges in parallel (Fig. 4.17 - 4.18).
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However, for the case of hydrophobic surfaces, evhihe adhesion force is velocity
independent, the friction coefficient is linearlycreasing with the sliding velocity for
atomically flat HOPG surface (Fig. 4.19) (the biédor Fig. 4.14 is given by an exponential),
whereas, for rough hydrophobic methyl grafted silisvafer (Sins) surface (Fig. 4.20), the

friction  coefficient seems to be independent of thsliding velocity.

Discussion

Here, we propose qualitative explanations of thevipus observed trends for friction
coefficient and related to the behavior of capyiladhesion.

In the case of an atomically flat surface (HOPG, abbserve a linear increase of the friction
coefficient with the sliding velocity (Fig. 4.14In this case no capillary meniscus is formed
as HOPG is a hydrophobic surface, but a thin layerater still exists. This confined layer
could cause shearing while the probe is slidinghensurface [148] as represented in Figure

4.21.

Figure 4.21: AFM used to measure the normal anceridt forces between a nanosize
untreated silicon probe and flat solid surfaces M® in de-ionized water. Fig from ref

[148].

From this model, the authors of ref. [148] haveregped the friction coefficient with the

viscosityn, the sliding or shearing velocitysMar and the thickness of the water fildh;

V.
uan_S’;‘" 4.1
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Considering that the viscosity of a confined widiter is not velocity dependent in the case of
HOPG [148], the equation 4.1 predicts a linearaase of the friction coefficient with the
sliding velocity, as it was observed in our expenmal data. The idea of a structuration of

water beneath a contact has also been reportedBydkesh et al. [147].

In the case of a hydrophilic atomically flat sudasuch as mica, the friction coefficient is
increasing and it follows three regimes as capilidhesion. In the first regime the friction
coefficient slightly increases (this is confirmen figure 4.16). In the intermediate regime, it
is increasing linearly with the sliding velocity idthe capillary adhesion is decreasing with
the logarithmic increase of the sliding velocityh# the capillary meniscus has vanished
(this corresponds to a third regime), a slight éase of the friction coefficient is still

observed (this is also confirmed on the experimeported on Figure 4.22).
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Figure 4.22: Variation of the friction coefficier@nd the adhesion force with the sliding
velocity, on a mica sample with a silicon nitrid®lpe (R~ 30 nm) at a relative humidity RH
=42%.

We consider that in the case of the mica surfattenaconfined water layer is present as for
the case of HOPG, at the difference that a capilfaeniscus coexists in the intermediate
regime. Therefore, the regimes that are observedmfica could be related to energy
dissipation in both the capillary meniscus wherstxg and the shear thickening of the water
layer below the probe. One should not forget tlwatt@minations due to ions dissolved by
water for a mica surface may also play a role [1#Rirther experiments that could clearly

show the trends of the friction coefficient in fivst and second regime are required.
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For a hydrophilic rough surface, the friction cegéint is decreasing with the logarithm of the
sliding velocity and the followed trend is compdeako the adhesion force one. We can
assume that the dissipation occurs in the menigsel as the water molecules are prisoned
in between the asperities and cannot reconstrietefore, while the volume of the capillary
meniscus is decreasing, the capillary adhesioreasedsing leading to a change of the nature
of the contact and to a decrease of the frictiogffament. However, the non sliding velocity
dependence of the friction coefficient in the thirelgime needs further theoretical and

experimental developments to be confirmed and @xgdia

Finally, on hydrophobic rough surfaces as methwglftgd silicon wafer (i), the friction
coefficient is not sliding velocity dependent whitee adhesion force is constant. This trend is
similar to the one observed for hydrophilic rougirfaces in the third regime where no
capillary meniscus exists. It is worth noting that high sliding velocities the adhesion force
can be seen to slightly increase, and this carela¢ed to the in-homogeneity of the grafting

on the surface.
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The scope of this thesis was based on investigaiiagnfluence of the sliding velocity on
capillary adhesion that is known to play an indireale in friction mechanisms at the
nanoscale. This goal was reached by implementingn@ovative experimental setup called
the "AFM Circular mode " to the commercial AFMhel Circular mode allowed us to
overcome the limitation encountered with the conua¢rAFM, by offering capabilities to
perform measurements in a stationary state, and kwgh sliding velocities. An advantage
was the possibility to combine the Circular modetie force mode (the vertical scanning
velocity was set to 0.1 pm/s), allowing to obtasnck distance spectra (adhesion force) while
the probe is sliding on the surface. Experimentsewsmnducted at ambient conditions on
various types of surfaces. The obtained resultsveiladno dependence of the adhesion force
on the sliding velocity for the case of a hydropladurface (HOPG, methyl grafted silicon
wafer), whereas for the case of a hydrophilic sieféfreshly cleaved mica surface, gold,
silicon wafer, silicon nitride, glass), a decreas¢he adhesion force with the sliding velocity
was observed. In the latter case, the observededserof the adhesion force with the
logarithm of the sliding velocity follows a threegime trend; Regime [, at low sliding
velocities, the adhesion force is a contributiorcapillary and van der Waals forces; Regime
lll, at high sliding velocities, the adhesion forsea contribution of the van der Waals or
attractive forces only, and the capillary forcewehaanished. Regime II, at intermediate
sliding velocities the adhesion forces decreasasally with the logarithm of the sliding
velocity starting from a threshold sliding velocMy.« We experimentally showed that
decreases with an increase of either the humidithe hydrophilicity of the surface, that are
both environmental parameters on which the volurhethe capillary meniscus in its
equilibrium state depends.

A somewhat similar behavior has been previousheoted byRiedo et al. [7]for a study of
the friction force with the sliding velocity. Thegported for the variation of friction force
with the logarithm of the sliding velocity a posdi slope for partially hydrophobic surfaces,
and a negative slope on partially hydrophilic scefa They suggested that the overall friction
force is given by a superposition of the stick astigp related increase, and a thermally
activated nucleation process in the gaps of a ragfierity contact related decrease of friction
with velocity. However, for atomically flat mica win is a hydrophilic surface, it was
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assumed that on this surface there is a mono-agmemtact in which no nucleation of the
capillary meniscus can occur and the friction farezeases with the sliding speed due to the
domination of stick slip process.

However, we also performed experiments on a miciase, and we found a decrease of the
adhesion force with the logarithm of the slidindoe#ty. These observed behaviors are not
explicable by a nucleation process.

To address this issue and to explain, the logar@ltependence of the adhesion force on the
sliding velocity, and the dependence qf.ywith the hydrophilicity of the surfaces and the
humidity, we developed a model based on a thernaallivated growth process, in which the
capillary meniscus nucleates and grows from thdgxsample contact. In this model, we
consider that water molecules have to overcome strilglition of energy barriers to
condensate. These energy barriers are resulting fozal defect as atomic roughness or
chemical heterogeneities encountered at the pesinadt the wet contact area while the
meniscus is growing. The total energy barrier ex¢fore assumed to be proportional to the
perimeter and can be expressed as a function afommvental parameters (hydrophilicity of
the surface, and relative humidity). Our model bage the growth process clearly justifies
the obtained experimental results.

In this first part we clearly, experimentally, shedvthat capillary adhesion is sliding velocity
dependent. In particular, a control of the volunighe meniscus or indirectly the capillary
force may lead to a control of the nanotribologjmaperties of the surfaces. This control may
be operated for example, in modulating the tempegabf the contact [8] or in designing
nanostructured materials made of patches withreéifitthydrophilic properties.

Based on our results, we found it interesting tpl@e how capillary adhesion may affect the
friction mechanisms. To achieve the goal of stugyhre interplay between capillary adhesion
and sliding friction, we used the Circular modettban be combined to the force mode to
extract rapidly the dependence of friction forcetba load. An average friction force can be
measured while the probe is sliding in a circulation and while normal load varies due to
the vertical motion of the probe. The obtained deljeacy on various substrates validates the
Amontons law for all surfaces used in our experiteeRrom the curves, we noticed that the
slopes of the friction spectra were changing with sliding velocity. So by studying the
friction force versus the sliding velocity at a stant normal load we observed that the
friction force is decreasing for hydrophilic rougturfaces, whereas it is increasing for
atomically flat hydrophilic or hydrophobic surfacefn addition, the friction coefficient can

be measured directly. Therefore, we investigatedirtiuence of the sliding velocity on the
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friction coefficient, and a decrease following #areegimes, similar to the sliding velocity
dependence of the capillary adhesion, was obseoreldydrophilic surfaces that possess a
roughness higher than 0.1 nm. Whereas, an incabe friction coefficient was observed
on atomically flat surfaces that posses a roughioegs than 0.1 nm.

In purpose of finding a correlation, the variatiohthe friction coefficient with the sliding
velocity was compared to the variation of the adiredorce with the sliding velocity.
Nevertheless, it is often assumed that the frictoefficient should increase with the sliding
velocity, here in our experiments we show thasinot always the case, and that different
parameters such as roughness or capillary adheaioplay a role. However, the mechanisms
governing these behaviors of the friction coefintievith the sliding velocity are still no clear.
To better comprehend these mechanisms furthereststhiould be conducted that relay on the
innovative experimental set-up and the clear urnidedéng of the interplay between friction

and capillary adhesion with the sliding velocity.
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Annex 1. Atomic Force Microscopy

1. Principle of the AFM

Binnig, Quate and Gerber invented the first Atoaarce Microscope (AFM) in 1986 [52].
The first commercially available Atomic Force Misompe was introduced in 1989. The
AFM is one of the foremost tools for measuring iatgion forces at the nanoscale between a
nanometer sized probe and a surface. It is depéonder) the probe that is the most sensitive
component, which is composed of a nanometer sipedttached to the end of a cantilever,
and it interacts directly with sample surface,thig photo detector that senses the angular
deflection of the reflected laser beam due to teedtion of the cantilever following the
probe-sample interaction, iii) the feedback loogt tbontrols the separation distance between
the surface and tip in order to keep the cantilelaflection or the interaction forces constant,
iv) and the 3D scanner that permits accurate aeds® relative displacements of the probe or
sample, down to 10 pm. A schematic diagram of tR&IAs represented in (Fig. A1.1).

_4‘ A Laser

Photodiode
detector

Piezo

| Cantilever deflectionz |

Figure Al. 1. Schematic diagram of a scanned-prAb&!. In the case of scanned sample, it
is the tip that is scanned instead of the probee ¢bmponents are Laser diode, cantilever,
mirror, position-sensitive photodetector, feedbaldctronics, and scanner.
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2. The AFM probe- Measuring interaction forces

The AFM probe composed of a nanometer sized tipnteablion to the end of a cantilever, the
approach into close contact with the sample makmeét of the most important units of the

AFM apparatus.

When the first AFM was made, a very small diamorayinent was carefully glued to one
end of a tiny piece of gold foil. Today, the tiprtilever assembly is typically fabricated from
silicon or silicon nitride by using technologiescbuas Silicon micromachining techniques
that are based on a series of deposition, phobglitiphy, and etching steps. The use of these
techniques for fabrication of AFM probes, benefitde scientists by the low cost of
fabrication, the simultaneous batch fabricationhaiusand of cantilevers, and the sharper tips
obtained[150, 151]. Based on the sharpness of the tip medsoy the radius of curvature,
the shape of the tip that is generally either apyd, a cone or a ball, with radius values up to
90 nm,and the cantilever resonant frequency (dependinthertype of operation selected:
contact or non-contact mode), The cantilever asBensbntribute in obtaining good

uniformity of characteristics and reproducibilitiresults

There are essentially two designs for cantileviss triangular or "V" shaped and the single-
arm kind (Fig. Al.2). The length, width, and thielss of the beam(s) determine the
mechanical properties of the cantilever and haveeachosen depending on the mode of
operation needed and on the sample being investig@antilevers are essentially classified
by their force (or spring) constant and resonan@guency: low-resonance frequency
cantilevers ("V" shaped, with spring constanignag from 0.06 to 0.35 N/m, and a resonant
frequency ranging from 18 to 65 KHZ) are more dléafor imaging in contact and
resonance mode (Tapping Mode™) liquid, whereas stiff and high-resonance frequyen
cantilevers (single-arm kind, with spring constahtibout 40 N/m, and a resonant frequency
about 300 KHz) are more appropriate for resonanog@eniTapping Mode ™in air [152].
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Figure Al. 2: Triangular (A) and single-beam (B)ntiéevers. The mechanical properties,
such as the force constant and resonant frequetegyend on the values of width (W), length
(L), and thickness (T).

Various techniques have been applied to the cdlonlaf cantilever spring constants for
AFM applications. Methods that have been used Fos purpose include dimensional
techniques, which are based on the cantilever'nahiproperties, geometry, and dimensions
[153], methods in which the spring constant is wlalied by adding mass to the probe [154],
techniques that require pressing the probe agaiwsty stiff surface and subsequently against
a reference spring of known compliance [155]; ahdrmal methods, which treat the

cantilever as a simple harmonic oscillator [156/]15

The probe senses the interaction forces actingdstvthe tip and the sample, thesult in
deflections of the cantilever, the normal forcesatthe tip and deflect the cantilever up or
down, and also the lateral ones (i.e. friction) ebhiend to twist (torsion) the cantilever.
Moreover, the magnitude of the deflection of thetidaver, with the knowledge of the normal
cantilever stiffness (R, allows the calculation of the value of the iatgtion forces. As for
our measurements (normal and lateral interactioteg), we have conducted them by the use
of a silicon nitride probe (8\W4) with a triangular cantilever, and the cantilesgéffness was

measured by employing the thermal noise method &4d3).
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Figure Al. 3: Curve showing the resonance frequeridhe cantilever, obtained with a 3100

DI AFM nanoscope controller V from a silicon niteiggrobe (DNP from Bruker).

3.The Photodiode detector measuring cantilever
deflection

Since the invention of the AFM, methods such ascapinter-ferometry [158, 159], have
been proposed to monitor the cantilever deflectiblowever, due to its accuracy and
sensitivity to Angstrom-level movements, the laseam deflection system continues to be
the most widely used [16t]

In this method, a laser beam is reflected frombihekside of the cantilever (often coated by a
thin metal layer to increase the reflectivity caméint) onto a position-sensitive photo
detector (PSPD). The photo detector is made of fmgment photo detectors that allow
detecting the normal and torsion bending of cavgiledue to the respective normal and
torsional forces acting on the tip (Fig. A1.4).

Any small deflection of the cantilever will tilt ¢hreflected beam and change its position on
the photo detector. This leads to a change in titgud voltage of the photo diod®Because

the distance between cantilever and detector igrgéiy three orders of magnitude greater

14 This same detection system has been used tdaomtivé cantilever deflection in cantilever-baseds®s
161. Brunt, T.A., et al., Measuring surface strieghiced by electrode processes using a micromecahkni
sensor. Journal of the Chemical Society, Faradagn$actions, 199&2(20): p. 3807-3812.

15 The forces acting on the cantilever can be deducom the measurement of the PSPD output voltage,

provided that the photo diode sensitivity and taetitever spring constants are known.
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than the length of the cantilever, the amount ofidi®y or torsion of the cantilever is

magnified giving rise to an extremely high sengiy162].

Linearity

region [-3,3

[e‘e-] uoibal
Aeaur]

Figure Al. 4: Schematic representation showingédffect of cantilever movement with the
photo detector represented by the square with cuadrlabeled A, B, C & D. Torsional
bending of the cantilever (left) leads to a chamgdateral deflection and (right) vertical

displacement of the cantilever leads to a changeeitical deflection.

As shown on Figure Al.4, the laser should remaithérange of [-3V, +3V], when the laser
is out off this region, effect of nonlinearity i®gerved and this has previously been cited in
[163]. The vertical (Eg. Al. 1) or horizontal (E41. 2) difference can be computed by the
following equation:

(A+B)- (C+D)

(A+B)+ (C+D) All

Normal deflection =

(A+C)- (B+D)

(A+B)+ (C+D) ALz

Torsional deflection =

The intensity difference between the upper and tosegments of the four-quadrant
photodetector is proportional to the normal deftact(topography), whereas the intensity
difference between the left and right segmentgopartional to the torsion of the cantilever

(torsion or lateral force).
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4. The Piezoelectric tube

The 3D scanner is present in two configurationg skkanned sample AFM in which the
scanner is attached to the sample and it is morddruhe tip, or scanned tip AFM in which
the piezoelectric scanner is rigidly attached ®ghobe and moves it over the sample surface
which stands still. The AFM scanner consists ofzpedectric materials, usually ceramic
actuators. The application of a voltage on therrame outer surfaces of the ceramics causes
there length to increase or decrease, dependintpeopolarity of the voltage applied. The
scanner configuration consists of combining indejgatly five piezoelectric electrodes in a
hollow tube that are responsible for the movemenmgathree axes X, Y, or Z.

For a horizontal displacement in the X directidm two opposite X and -X electrodes are
feed by an opposite voltage that causes the piez@i@r to bend, whereas for achieving a
vertical displacement, it is sufficient to applyitage to the Z electrode that causes the piezo-
actuator to extend or retract. However, a nonlirddgplacement for the electrodes based on
the voltage applied can be observed, which theess#tiates a calibration procedure of the
piezo-actuator. In our work we have taken advant#gie piezoelectric tube, by applying
our own tension signals, which allowed us to geeelateral displacements and to generate

the circular motion (Circular mode).

5. The Feedback loop

The AFM not only measures the force on the samplalso uses the feedback to control the
force on the sample allowing acquisition of images/ery low forces. The feedback loop
consists of the tube scanner, the cantilever aadofitical lever, and a feedback circuit (a
compensation network, which in AFM is a computesgram) that monitors the cantilever
deflection and attempts to keep it constant by imgryhe voltage applied to the scanner and
hence adjusts the height of the probe or samplieelth, features on the sample surface deflect
the cantilever, and so the feedback loop keepsl¢fiection constant by adjusting the probes
or the samples height. One point of interest i$ the faster the feedback loop can correct
deviations of the cantilever deflection, the fastex AFM can acquire images; therefore, a
well-adjusted feedback loop should result in peniance with a negligible error.

The feedback system must be optimized for each sample. This is accomplished by

adjusting various gains in the AFM'’s feedback dircu
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Integral gain and proportional gain control thepmse time of the feedback loop. The
feedback loop tries to keep the output (separafistance between tip and sample) of the
AFM equal to the set-point reference chosen. lisdbes by moving the piezo-actuator along
the Z direction (up or down). Piezoelectric transelg have a characteristic response time to
the feedback voltage applied. The gains are simalyes that magnify the difference read at
the detector. This causes the computer to thinktleaAFM output is further away from the
set point reference than it really is. The compu@ssentially overcompensates for this by
sending a larger voltage signal to the Z piezoatotuthan it truly needed. This causes the
piezo-actuator to move faster in Z.

On should optimize the ‘integral gain’ and ‘proponial gain’ so that the height image shows
the sharpest contrast and there are minimal vanstin the amplitude image (the error

signal).

6. Topographic image and resolution

By monitoring the interaction forces between theand the surface when the cantilever is
scanned over the sample the image is formed. Adiomex previously the feedback loop
gives the AFM advantage of controlling force on gaenple, allowing image acquisition at
very low forces [160, 164]. The AFM piezo-actuagbectric tube moves the tip across the
sample or vice versa over consecutive lines to forenimage. In particular, the scanner is
driven by the AFM electronics across the first lofehe scan and back (X-axis) or so called
fast-scan direction. It then steps in the perpardicdirection (Y-axis) or so called the slow
scan directioff, to the second scan line, moves across it and, ihaek to the third line, and
so forth they are repeated as many times as thratop@eeds the image to contains lines. The
difference between this pattern and treditional raster pattethis that the data are not
acquired in opposite directions.

While scanning the probe over the surface, thertigample is moved up and down depending
on the signals sent by the feedback circuit to késepinteraction forces constant, and by

storing these vertical signals (vertical displacetmef the piezo-actuator) the topographic

16 No data are collected in the perpendicular dii@t to minimize line-to-line registration error®ming from
scanner hysteresis

17 A raster pattern is the rectangular pattern miige capture and reconstruction in television. Bglagy, the
term is used forraster graphics, the pattern ofagm storage and transmission used in most

computer bitmap image systems.
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image is formed (Fig. A1.5) with lines 215 or 5T2e collected data are sampled digitally at
equally spaced intervals according to the numbetatd points allocated per line of the scan,
which usually range from 256, 512, 1024 or 2048hwicent AFMs. The data is usually
represented by colors ranging from black to whiteoss 256 levels corresponding to the
information acquired by the microscope (that carhbmght, force, phase, and so on) (Fig.
Al.5).
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Figure Al. 5: Topographic image with the scale thladwing the number of lines (512 in this

case) that form the image.

One can extract information from the topographichsas the roughness of the samplgdR
Rms), when roughness analysis is applied to an imageiststal values are calculated
according to the relative heights of each pixelthe image. Regarding basic roughness

measurementsiverage roughness {Rs one of the most commonly used roughness statis

7. Calibration

Calibration of the lateral force sensitivity is essary to obtain quantitative friction force
measurements with the AFM. Various methods hava beeoduces for this purpose, and one
of the first interesting methods was described bjjsewa et al. [165]. He used a lateral force
curve characterized by a sticking regime and angjidne to calibrate the sensitivity [166],
the calibration depends on establishing a reldberveen the static part of the loop and the
output voltage of the PSPD. However during slippdlge nonlinearities in the piezo-actuator
movement and the deformation of the tip make theshiod inaccurate. Modifications to this

method have been introduced by Piétrement et &7][lwho combined a lock-in-amp
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technique to the lateral force curve measuremertis. calibration method was based on
modulated lateral force microscopy related to tlace knowledge of the probes lateral
displacement

Ruan and Bhushan [168] suggested in a two-stepratibn procedures that friction could be
measured by scanning in the direction parallehtlong axis of the cantilever, and then by
employing the calibrated normal forces, and assgnairsymmetric tip, the frictional force
will correspond to the force given by the vertispking constant multiplied by the vertical
piezo-actuator movement needed to keep the caetildgflection constant. Unfortunately,
this method neglects the bending of the cantilewdrich has been shown to affect the
measured friction force [169, 170], and so it carbeconsidered as a quantitative method.

A direct one-step technique was proposed by Fetled. [171] to determine experimentally
the friction force from the lateral voltage signalhe calibration procedure requires
simultaneous measurement of the vertical and ladieféection of the AFM cantilever due to
the direct applied force on a lever attached to aawetilever. Calibration factors for both
vertical and lateral deflections can be measurerth fthe constant compatible slopes of the
force-distance curves. It's worth mentioning thgtdmploying a similar lever arrangement
Toikka et al. [172] previously attempted to measure the tordiepaing constant from the
lever twist due to the gravitational moment exedad glass fiber glued perpendicular to the
cantilever. However, the value they obtained wa®isé orders of magnitude smaller than
their calculated value. Since the cantilever twilsé to gravity may readily be shown to be
negligible. Others have also proposed methods baselitect application of a force acting on
an object (lever) attached to the cantilever [178}1

Liu et al. [179] proposed an optical geometry apploin which the geometry of the optical
path of the laser spot from the cantilever to thetpdiode is used. They determine the lateral
deflection sensitivity by moving the position seins-detector (PSD) of and FFM a known
amount in the lateral direction alongin, which is converted to an equivalent lateral tip
displacement depending on the optical geometry tled instrument and the cantilever
shape, dimensions and material propertiesrélatantilever spring constant). This was the
first method proposed which gives a direct measoirethe lateral sensitivity of the
photodiode. However, the procedure is not easy,itamdist be repeated if the optical path is

changed.

However, Ogletreeet al[39], developed a direct calibration method knowntbe wedge

method, which is the most common way to computereversion facton in N/V to convert
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the output detector voltage to friction force [18ID] the wedge method the friction loops are
acquired on samples with different well-definedpgl® using different applied loads. Since the
ratio of normal and lateral forces changes witliaagr slope, one can obtairby comparing
width and offset of the friction loops on the difat slopes, nevertheless, this approach was
later refined by others [181-183]. To calibrate &rigtion measurements we have adopted the
method proposed by Ogletree. We will explain ourM_Ealibration procedure in the
following:

First we start by interpreting the LFM signals &ig( A1.6),they represent the topographic,
and slope and the Lateral force signals obtained gold® surface. The images are different,
and there is no direct relation between the togggcaand LFM signals. However, there
exists a similarity between the LFM signal and thlepe image along the X axis

(perpendicular to the main axis of the cantilever).
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Figure Al. 6: 1 um x 1 um topographic image (Ajetal force image (B), and the slope (C)
image obtained on a gold surface, by scanning altreg X-axis. The image in the trace

direction is similar to the observed retrace images

To realize the calibration of the LFM signals, wammmence by a geometrical representation
of the contact, and then we represent the forcéagaon the probe by decomposing the
lateral signal between a sliding probe and a sar{&ig. A1.7). We also denote the sliding
direction, by forward from left to right and backsda from right to left.

18 The gold surface was chosen for two reasonsd @k noble metal. Thus the appearance of an daigkr is
unlikely, which can affect the local friction prafies. And it possesses relatively important lowgdographic

variation.
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Figure Al. 7: Geometrical representation of the te@h between a sliding tip and inclined

surface, with the forces acting on the tip.

The total forceF is the sum of the normal and lateral forces adpdie the tip. The force can
be decomposed into the components of the X andZimfunction of the inclination angte

the components are given by:

Fyy = Nsina + Lcosa Al3

Fzy = Ncosa + Lsina Al4

where (+) stands for the sliding in the forwardedtron (uphill) and (-) stands for backwards
direction (downhill), by introducing the coefficierof friction p = L/N to the previous

eguations we get:

Fx, tana+u

F,. 1—utana ALS
for the signal in the forward direction and

Fy_ t -

x- 22 H A16

F,o 1+utana

for the backward direction. Typically, on small lesa the slopes are generally low (<<0.5).
So one can neglect the tepmtana as compared to 1, and the expression for thealdimice

resulting from and back and forth sliding is:
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FXi = FZi tan i IuFZi A 17

The LFM signal is composed of two terms, thé term that describes the influence of the
friction on the LFM signal, and the terf tana that represents the projection of the normal
force of the contact on the X axis. Since we aterésted in the friction force, it is possible to
separate the two components. When the sliding térec is changed
the friction component changes sign, however, tpdgraphic component does not change,
by performingthe addition and difference of thesirF both directions, we get
parameters which are respectively dependent dltpe of the surface and the friction force.

FX+ - Fx_ =~ ZIL{FZ A 1.8

Fx, + Fx_ = 2F;tana Al9

However if we don’t neglect the termtana, then the expression form (eq. 1.9 and eq. 1.10)
becomes:
(tana)? + 1

FX+ - FX— =~ Z#FZW A 110

14 u?

—_— Alll
1 — (utan a)?

FX+ + Fx_ =~ 2 thana

However the tern{tan a)? is generally very low compare to 1, this leadsh® simplified

expressions:

FX+_FX— zZﬂFZ A112

Fy, + Fx_ ~ 2 Fytana (1 + u?) A1.13

We saw that the lateral forces are composed ofgigpdic and friction components, now for
calibrating the lateral force signal, assumingltk® signal has a linear relationship with the
lateral force, by introducing a calibrating factee can get:
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The lateral force is composed of two terms,

Fx+ = Fz+ tana + IUFz+ A 115

From equations Al1.14 and Al.15we obtain,

LFM+=Cthana’+CﬂFz+CO A1.16

The LFM signal is sensitive to the normal forces thclination angle of the surface, and the
coefficient of friction. However, by assuming tharmations of the normal force and the
coefficient of friction are negligible comparedttee variation of the inclination angle of the

surface, equation A1.16 can lead to,

ALFM, = CF,Atana Al1l7

The value ofC is calculated under the condition of knowing tlmpe of the surface,

AZ
= A1.18
tana AX

LFM

25y ] ] ] | | i | |
-B00 -600 -400 -200 0O 200 400 600 800
slope

Figure Al. 8: There exists a linear relation betwdlee LFM signal and the local slope of the

surface.

In our experimental results, we multiply the reisgjtcalibration factor to the friction force

obtained in (V/nm) to convert it to (nN).
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Annex 2. Circular AFM mode for investigating
polymer nanotribological or nanoadhesive
properties

The efficiency of the Circular mode, for investigat nanoadhesive and nanotribolgical
surface properties of polymer surfaces was test®d.first performed measurements on a
Polydimethylsiloxane (PDMS), which is a visco-elastilicon based organic polymer.
Figure A2.1 shows the variations of the adhesiandand friction coefficient with the
sliding velocity.
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Figure A2. 1: Influence of the sliding velocity the friction coefficient and on the adhesion
force, on a cross-linked PDMS surface. A decreddbeadhesion due to visco-elasticity of

the surface, while an increase of the friction fic&fnt rubber friction.

We notice that the adhesion force is decreasing thi¢ logarithm of the sliding velocity. A

simple explanation for the observed behavior cangbhen based on the visco-elastic
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properties of the polymer. The Young modulus of PDM typically in the range of 100 kPa
to 3 MPa at ambient temperature, and it is velodgpendent. The Young modulus will
increase as the velocity is increased. In this tassurface becomes as a more rigid one, and
the indentation depth and thus the contact arebetween the probe and the surface are
decreasing. This decrease of the contact area leaddecrease of the adhesion force.

Figure A2.1 shows that the friction coefficientimEreasing with the increase of the sliding
velocity. This behavior has been explained by Bas§wn et al. that consider energy
dissipation in rubber friction [184-186]. The fimh force between rubber and a hard surface
has a contribution commonly described as the hgstercomponent. The hysteretic
component results from the internal friction of théober. During sliding the probe exert
oscillating forces on the rubber surface, leadmg\clic deformations of the rubber, and to
energy “dissipation” via the internal damping tbie rubber.

Further experiments were conducted on a thermaplastiymer, such as polypropylene,
which is a rough (R= 36 nm on a 5 um x 5 um surface size) and hyddoighsurface
(Young modulus is 1 GPa).

The variation of the adhesion force and the frictamefficient with the sliding velocity are

represented in Figure A2.2
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Figure A2. 2: Influence of the sliding velocity the friction coefficient and on the adhesion
force, on a polypropylene surface. Variation of #thesion with sliding velocity depending
on hydrophobicity of the surface, while an increas¢he friction coefficient with the sliding

velocity is observed, and the exact mechanismtdract clear.
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The behavior of the adhesion force may be attribytessibly to a transition between JKR

and DMT, even if wear was observed in these exmarim(see Fig. A2. 3).

Figure A2. 3: 10 um x 10 um deflection error imagbtained with contact tip on a
Polypropylene surface showing circular imprintsteafperforming the experiments with the

Circular mode.
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Annex 3. Force Volume Mode

1. Force volume mode

A simple force curve records the force felt by tipeor the particle attached to the cantilever
as it approaches and retracts from a point ondh®ke surface. Because most surfaces being
examined are not homogeneous, it is often of istdrecollect an array of force curves. Such
an array produces information about the lateratridigion of different surface and/or
material properties. Such an array of force cursezlled a force volume which contains an
array over the entire sample area. Force curvesaasured at every point corresponding to a
pixel (unique X-Y position) of the AFM image. Forcarves from an array of X-Y points are
combined into a three-dimensional array, or “volymef force data (Fig. A3.1). Force
volumes can be collected in any environment in Wwhie® microscope normally operates.
When the tip comes into contact with the surfacendua force volume cycle, the point of
contact provides the topography of the sample at ¥3Y position. This can be used to
produce a low (lateral) resolution height imagehaf surface, which is extremely useful when
attempting to uncouple the interaction force datenftopographic information [187]. Since
the tip is not dragged across the surface of thgpkawhile obtaining the data, lateral forces
are very small.

The force volume allows investigating surface praps. For example, by the use of a simple
force curve, one can measure the force neededdaomer indent the surface, and investigate
the elastic properties of the material. Then adorolume can be used to produce micro-
elasticity maps of the sample that show local e in surface stiffness.

Another example is the adhesion maps that can bd tes investigate the distribution of
hydrophilic and hydrophobic regions on a surfacectviwould differ in amount of acting
force on the tip due to the presence of a capilbargge on hydrophilic surfaces at ambient
conditions.

Force volume imaging is a powerful AFM techniquattban be used to investigate material,

adhesive, electrical, magnetic and chemical pragsedf samples by recording an array of
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force curves over an entire area. A topographigena also recorded with minimal damage
to the surface. The information in the force volumeasurement may be decoupled from
topographic data to offer new insight into mateaiatl surface properties.

A fundamental problem in force volume mode is #latively long acquisition time that can

easily amount to tens of minutes and can givetasxcessive drift.

Figure A3. 1. A force volume data set — an arrayrefularly spaced force curves yields
three-dimensional force information. In a force wok data set, the force curves will vary
with X-Y position.
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Annex 4. Lock-In-Amplifier

1. The lock-in technique

The lock in amplifier, otherwise known as the phseesitive amplifier, uses a phase sensitive
detection method for selecting (seeing) small dgyimathe presence of overwhelming noise.
The lock-in amplifier is able to respond only te ghortion of the input signal that occurs at a
selected reference frequency. Typically, an expemims performed at a fixed frequency
(from an oscillator or function generator), and tbek-in detects the response from the
experiment at the reference frequency. The lockAmp offers important adjustment
parameters such as: The time constant that deflieggencies below which a filter will pass
signals, indeed, the output from a phase sensitetector passes through a low pas filter.
Usually these filters are specified by the freqyeacwhich their transmission is 3dB down
on the pass band. But since this value is veryftova lock in amplifier output filter, then the
frequencies are specified instead by a time constaich is inversely proportional to the -
3dB frequency. Experimentally the time constantsed for stabilization. Typically, when
there is noise at the input, there is noise orotitput, and so by increasing the time constant,
the output becomes more steady and easier to neeasuother interesting parameter in the
lock-in-amp is the sensitivity that can maintaie thutput between 30% and 100% of the full
scale. We used a model 7270 DSP lock in amplifigg.(A4.1) that allows fast data

processing in our experiments, with a frequencgeasf 1 mHz to 250 kHz.

Figure A4. 1: Model 7270 DSP lock in amplifier, dder extracting the LFM signal with the

Circular mode.
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Table of Symbols

F : Force (N) &, Static dielectric constant

Fe: Friction force (N) Ay: Hamaker's constant (J)

Fn: Normal force (N) n: Refrective index

Feo Pull off force (N) Rk: Kelvin radius (m)

Fe:: Electrostatic force (N) &: Full distribution of heights (m)
F.aw: Van der Waals force (N) P.: Laplace pressure (NAn

Fc: Capillary force (N) Suw: Van der Waals free energy

M : Friction coefficient Aw: Wet contact area (in

A : Area of contact () k: Stiffness (N/m)

ay: Hertzian contact radius (m) kesr: Effective spring constant (N/m)
o : Shear stress (NAn kr: Lateral stiffness of the tip (N/m)
o, : Intrinstic material shear strength (N\jm kc: Lateral stiffness of the cantilever (N/m)
P : Pressure (N/f kn: Normal stiffness (N/m)

P..: Average normal pressure (NJm V: Velocity (m/s)

H : Hardness of the material (N%m p: Propability

a: Contact radius (m) T: Temperature (°C)

6 : Indentation depth (m) ks: Boltzman constant

R : Radius of curvature of a probe or a surface Fo: Lateral frequency (Hz)

(m) U: Voltage (V)
E : Young Modulus (N/f)

v : Poisson ratio

Y o: Periodic potential amplitude

w: Angular frequency (Hz)

y: Surface energy (J/in AZ: Vertical cantilever deflection (m)

v Liquid- vapour surface enetgy (Fm AE: Energy barrier (J/mol)

4 : Maugis parameter r. Radius of a capillary bridge (m)

€: _R_ar_19e (_)f action of surface force at F.q: Adhesion force (N)
equilibrium distance (m)
Q: Volume ()

6: Contact angle (°)
RH: Relative Humidity (%)
L: Load (N)

@: Diffusion coefficient

g : Electric charge (c)

d: Distance (m)

@: Electric potential (V)

W: Interaction potential (V)
C: Interaction constant (V)

p: Density (g/cr) D: Sliding distance (m)

Y (x): Periodic potential
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