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Tribological behavior of a polymer grafted on silanized silica probed with a nanotip
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The frictional forces between grafted layers on silica and a nanotip have been investigated as a function of
the tip velocity. A comparative study has been performed between the friction behavior of the triethoxysilane
molecules and polymer grafted on the silica. The polymer, a substituted polyacetylene, has been grafted
following a two-step process. The silica surface is first pretreated with the triethoxysilane molecules, then the
polymer is grafted on the silane molecules acting as a coupling agent. This two-step process allows the
polymer to be firmly fixed. The good reproducibility of the data is accompanied by a robustness in the friction
behavior. Both the silane molecules and the polymer grafted on the coupling agent show a linear increase of the
force of friction with the logarithm of the sliding velocity. For the polymer, the force of friction is doubled that
measured for the silane molecules and the forces of friction are found to be linearly dependent of the effective
applied load. These two results are also supported by the measurement of the dynamic friction coefficient of
the two grafted layers. The trends in these friction data have been found to be amenable to an analysis based
upon a simple stress-modified thermally-activated Eyring model. A good consistency of the evolution of the
different parameters, shear strengths, and barrier heights, computed with the model is obtained. From these
results and their interpretation one gets a step forward for more quantitative information to be extracted with
an atomic force microscope. Also, with the help of the Eyring model we provide a qualitative interpretation of
what process is taking place to explain the increase of dissipation when the sliding experiment is performed on
the grafted polyme.S0163-18207)06435-1

[. INTRODUCTION removing some uncertainty at the tip-sample interface is in-
creased control over the chemical nature of the two interact-
Scanning probe microscop§SPM) has evolved during ing surface species® Another tact that minimizes the ab-
the last decade to probe surface properties at the nanometsgnce of knowledge on the contact area is to investigate the
scale. Among them, scanning force microscdf¥M) has influence of the tip velocity on the tribological behavior of
shown a tremendous development, a part of which beingrafted surface&®
dedicated to the study of tribological properties. For most of To get a better understanding of what is occurring under
the engineers and scientists working in the field of tribology the tip, several attempts were performed, among which is the
friction force microscopgFFM) and more generally SFM mechanical contact between two elastic sofids. Using
are additional tools which give the possibility of probing such a theoretical framework means that the tip and volume
friction processes at the nanometer scale, thus providing thef the sample under the tip are considered as continuum elas-
opportunity of increasing the knowledge about fricticn. tic medium. But up to now, there has been no clear experi-
Pioneering works were performed by Overrgtyal. and  mental evidence that these theories can be called up to inter-
Radmacheet al. in which it was shown that organic films pret most of the situations encountered with an atomic force
either physically or chemically adsorbed on the solid sur-microscopg AFM). Dissipation and plastic deformation may
faces can exhibit a high friction contraist. also occur, which, in many cases, make those theories less
The description of energy dissipation during the friction useful.
process is still an unsolved problem. One reason is that one Some interesting attempts were performed in an
cannot access what is taking place at the interface duringltrahigh-vacuum(UHV) AFM. Carpicket al'? have shown
sliding, thus making gquantitative analysis and interpretatiorthat the interfacial shear properties between the tip and sur-
difficult to achieve. When a nanotip is used, the situation iSace was satisfactorily described with the help of the
even worse as we do not have access to the contact ardahnson-Kendall-Robert6JKR) model*® But first it con-
between the tip and sample, normally a rather large draweerns a very specific experiment on fresh mica cleaved in
back as far as tribology is concerned. UHV, and second, the radius of the tip was measured and
Nevertheless, there are ways to overcome this main diffifound to be around 150 nff, such that the curvature is
culty, either because an accurate knowledge of the contachther smooth and cannot be considered as being truly on the
area between the tip and sample is not required or becausenanometer scale. Putmant al!® compare experiments per-
comparison between several kinds of measurements on difermed in UHV and in air. The authors show that a linear
ferent samples allows the experimentalist to extract the relrelationship between the friction force and an effective load
evant variations. One approach that has made progress is obtained in UHV, while a JKR relation is obtained in air.
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Putmanet al. ended with the conclusion that a multiasperity process with organosilane molecules. In the present paper we
effect occurs in UHV, while in air the influence of contami- move a step forward by grafting a polymer on the silanized
nant molecules induces a smooth contact. silica surface. Also, a phenomenological model is employed
Other attempts to understand the friction process was t6Eyring model, allowing us to describe more accurately the
evidence a clear relationship between the pull-off force, redifferent steps of the grafting process. In addition, the Eyring
lated to the adhesion, and the friction force. Using an AFmmodel provided a useful way to compare the present experi-
with tips coated with several different chemical species, Frismental results to friction data obtained on self-assembled
bie et al5 show that the friction force increases as the pull-Mmonolayers at a macroscopic scale. The paper is organized as
off force increases. The experiments performed with a scarf©!lows: ~ In Sec. Il are given the experimental conditions
ning force apparatuéSFA) on various monolayers leads to a req_wred to obtained reproducible frlctlon data and the ex-
more subtle relation between adhesion and friction. The experlmental results are presented; in a Sec. _”I the data are
perimental results obtained by Yoshisaeteal* have been cpmparg—zd to the Eyring model, and Sec. IV is devoted to a
interpreted in a way indicating that the magnitude of thed|scu55|on.
friction is proportional to the hysteresis of the adhesion
rather than to the adhesion itself. Il. EXPERIMENTAL RESULTS
It does appear now that the relationship between the pull-
off force and the friction is often verified experimentally
with an AFM. Nevertheless, except for the work of Carpick  Except for the grafted polymers, sample preparation and
et al,'? an exact, accurate demonstration of the use of thexperimental conditions are described in great details
JKR model to describe friction measurements remains quegisewheré.Here we only recall which do appear as the most
tionable. important experimental constraints required to get robust, re-
A way to get a better understanding of the friction is to producible friction data with an AFM. The experiments have
vary the velocity of the slider. This has been made in severdbeen performed with a Nanoscope Il from Digital
experiment<;®1*1%showing its influence and becomes to be Instrument?
more regularly used with an AFM. The effect of the sliding  The experimental results presented in this work were ob-
velocity can be of some help to access to the structure of thiined in a gloves box in which the ppm of,@nd HO is
investigated monolayers. As suggested with the dynamiachieved. This condition seems to be necessary since the few
phase diagram representation of the rate of energy dissip&xperiments we have performed in air were not reproducible
tion as a function of the sliding velocity;'>*"*we can enough to extract a significant variation of the friction as a
decide either if the monolayer has a liquid, solid, or amor-function of the tip velocity.
phous structure. Typically in the range of velocity accessible The feedback loop was never used, because when one
with the AFM (micrometer per secofgdone cannot expect to allowed the piezoactuator to move, erratic results were often
observe any velocity dependence if the monolayer is to®btained. Several qualitative explanations can be put forward
much rigid or compact. Only when a liquid state is met doto understand the difficulties in getting reliable data when the
we expect to measure an effect. feedback loop was used. The feedback loop allows the pi-
Beyond a dynamic phase diagram, several phenomen®@zoactuator to have a vertical motion, which is a requirement
logical models have been used to get more quantitative innecessary to record an image of a surface at a more or less
formation. One is to borrow an approach describing the vislarge scale. But this vertical motion produces an additional
coelastic behavior of complex polymer materials such as theandom noise rendering measurement more difficult to
William-Landel-Ferry(WLF) approach®1%1718|t has been achieve when deflection of nanometer range must be accu-
discussed in a few occasions, but the structure of the equaately measured. Also, such a vertical motion induces an ad-
tion is not very convenient as it does not give an easy tracditional fluctuation of the contact area between the tip and
table relationship between the velocity and friction fofé8. sample, which in turn affects the measure of the force of
Therefore, the main help is to give a way to fit data showingfriction. Therefore, uniquely, the deflection of the cantilever
that the amount of energy dissipation is velocity dependentwas measured, keeping the piezoactuator at rest with a null
Another phenomenological model is an Eyring-typeapplied voltage throughout the experiments.
model of thermally activated proce$s>? Experimental In Fig. 1 are sketched the different situations investigated.
works have been successfully described that Waressure, As described in Ref. 7, several organosilanes were studied
temperature, and velocity dependence of friction on Langthat all show the same behavior as a function of the tip ve-
muir films were satisfactorily described using a thermallylocity. Here we shall focus the attention on the results ob-
activated process. Experiments were performed with a SFAained on the 3-ethoxysilane ended with a thiol group of
apparatus, therefore giving a contact area within the miformula HS-CH-Si(OEt); and on the grafting of a polymer
crometer scale. The question arises that such a behavior can the 3-ethoxysilane.
also be observed with a sharp AFM tip where a single asper- The polymer chosen is a substituted polyacetylene with
ity contact can be expected. Moreover, a recent moleculagubstituent side groups ended with a chlorine atom of generic
dynamics study has been done showing that the friction oformula —HC=C (CH,)sCl—,. This polymer is fairly
monolayers involving a contact area of a few square nanonrigid®* and can be assimilated to a rodlike object; the mo-
eter can be accounted with the thermal activation médel. lecular weight isM,,=14 700, corresponding to a contour
In a preceding studywe have shown that the good repro- length of the backbone of 20 nm. The chemical reaction
ducibility of the tip velocity dependence on the frictional allowing the polymer to be grafted on the organosilane mol-
force provides an interesting way to characterize the graftingcules is given by the reaction between the chlorine atom

A. Experimental conditions
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Silica wafer

3-Ethoxysilane grafted on silica wafer

Polyacetylene grafted on silanized substrate
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FIG. 1. Sketch of the surfaces investigated.

FIG. 2. Image 1QumXx10 um of polyacetylene physisorbed on
silica. (a) Image obtained after one scgh) The same location after
several scans of the probe, the polymer is removed.

B. Experimental results

To check the efficiency of the coupling agent, the polymer
was first deposited on the silica surface. Figure 2 shows the
images obtained; the polymer is easily removed by the tip
rubbing the surface. No more than one scan can move away
the polymer adsorbed. On the contrary, when the coupling
agent is used, whatever the number of scans recorded, the tip
is unable to move the polymer and the images remain iden-

and the thiol group as described in Ref. 25. Therefore, théical. The topography is markedly different from what has
chain can be fixed at the coupling agent in several locationseen obtained when uniquely the organosilane molecules

along the polymer backbone.

were graftedFig. 3). Therefore, from a comparison between

Three grafted silica surfaces with the organosilanes molFigs. 2 and 3, we can conclude a success in grafting the
ecules and two samples with the grafted polymer were invespolymer on the coupling agent and that the polymer is now
tigated. Four different tips and three cantilevers were usefirmly fixed at the surface.

Ky, ko, K§, andkg; the announced stiffnesses are reported in A systematic study of the tribological properties of the

Table I. The experiments and identical sample preparationgrafted polymer was thus performed to better understand the
were performed over 2 years and always give the same restructure of the layers. Figure 4 shows the experimental re-
sults. The measurements were done at zero externally apults obtained on the three samples, the silica, the organosi-
plied load. Each time a grafted polymer sample was prefane, and the polymer. As previously discussed, the layers of
pared, a new silica surface and a new silica surface graftedrganosilane molecules exhibit a characteristic velocity de-

with 3-ethoxysilanes were also prepared.

pendence which is not observed with the silica in the veloc-

TABLE I. Computed area of contact and interface shear strength with different stress activation v@amdscussion in Sec. IV)D
Q is the barrier heightA the additional vertical deflection of the cantilever due to the tangential forcé;=k;A/2 and the pull-off force
is given byFpo=k,A,, whereA, is the vertical piezodisplacement needed to unstick the tip.

®=0.2 nn? ®=5nn?
A 7 (5 um/y A 7 (5 um/9 Q A F: Fro
Probe Sample (nmd) (MPa) (nmd) (MPa) (10720) (nm) (nN) (NN)
ks
ky=0.12 N/m Silanized wafer 14 213 348 8.6 10.8 123 6.1+1.5 77+1
k. =5.1 N/m Grafted polymer on 12 419 298 16.9 14.4 260.3 10.2t15 72+1
Silanized wafer
Ky
ky=0.58 N/m Silanized wafer 85 284 2118 11.4 12 BM@B3 48.8:1.5 209:6
k,=14.8 N/'m Grafted polymer on 76 574 1898 23 17.6 590.3 82.9t15 168t5
Silanized wafer
k)
ky=0.38 N/m Silanized wafer 44 270 1088 11 11.8 263 24.315 1251
k. =9.7 N/m Grafted polymeron 42 508 1041 20.5 16.3 4#40.3 42715 108t1
Silanized wafer
k)
ky=0.38 N/m Silanized wafer 376 110 9402 4.4 9.6 B®B3 83.4:1.5 3991

k,=9.7 N/m
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FIG. 3. (@ Image 1lumx1 um of 3-ethoxysilane grafted on
silica. (b) Image 1umXx1 um of polyacetylene grafted on silanized 15 7 .ﬁAAAM
silica. The surface remains identical after several scans. - AA--E‘*'K-B.A-Z
A=
ity domain investigated. Similar results were obtained wher
using the other probe&Fig. 5). For the polymer samples,
also the same velocity dependence of the friction is observe 4 5 6 7 8 9 10 1
(Fig. ©. In(Velocity) (nm/s)

The magnitudes of the pull-off force measured on the
polymer are slightly smaller than the ones measured on the FIG. 5. Fits and experimental data of friction versus tip velocity
organosilane layers. In spite of similar pull-off forces, whenfor the organosilanes grafted on silica and probed with three canti-
the polymer is grafted a further increase of a factor of 2 ofievers: k, (triangle), k; (squarg, andk3 (circle). Fits are obtained
the friction force is observed. Contrary to what is expectedwith the use of Eq(5). The results of the fits are given in Table I.
the increase of the friction force is not followed to an in- In the inset are reported the experimental data obtained with the
crease of the pull-off force. This makes a difference withprobek} (lozengg.
what was observed on the different organosilane molecules,
for which higher pull-off forces were accompanied in mostthe organic films, so that the slopes give the two dynamical
cases by higher friction forces. Therefore, for the polymercoefficients of friction,u(V). The friction coefficient of the
grafted on the coupling agent, the origin of the friction forcesilane molecules is closed to that of the silica, whilgV) is
is not simply related to adhesive forces. twice as large for the grafted polymers. This result is in
As shown in Fig. 6, the rate of energy dissipation is largercomplete agreement with the observed velocity dependence
for the polymer grafted on organosilane, but the slopes aref the two layers.
nearly identical. This result suggests a very similar behavior
for the two organic films, but with a force of friction twice as Il. MODELING THE INFLUENCE
large for the polymer. OF THE SLIDING VELOCITY
In Fig. 7 is reported the variation of the force of friction
as a function of the externally applied load. The friction co- A first analysis restricted to the silanes experimental re-

efficients deduced from the slope are velocity dependent fopults was given in Ref. 7. As shown in this paper, the use of
the WLF equation gives good fits, but is unable to extract

7 information to interpret the friction data.
A (nm) Here we shall interpret the overall results including the
- ones obtained on polymer PA through the use of a Eyring-
6r g nl BN ol type model of thermally activated process. The Eyring model
] n has been adapted to describe the plasticity of solid and ac-
5t count for the motion of dislocations in vitreous polynier.
n Also, it provides a phenomenological model for the viscosity
4L in liquids. This model has been extended to interpret dissi-
o0 O pation processes in sliding experimettg’
o o O The interface between the slider and sample is character-
3T o g OO oo od ized by a shear strength which may become a function of the
temperature, pressure, and velocity. The relationship be-
2fbx X X XXX X x X X X x00¢ X tween the shear stress the contact ared, and the mea-
sured force of frictionF; is given by
1 L PR | L TSR | L PR
10° 10° 10* Fi=7A. (1)

Velocity (nm/s) .
ty In a thermally activated process under a shear stress, a

FIG. 4. Friction versus tip velocity, at zero externally applied flow of particles can take place from which one has to cal-
load, with the cantilevek, on the three samples: silidarosse ~ Cculate an average velocitfig. 7). For a particle in an har-
organosilanes grafted on sili¢apen square and polymer grafted monic potential of barrier heigh®, the probability of occu-
on organosilaneésolid squarg pation at a specific location is given by the product of the
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FIG. 6. Semilogarithms of fits and experimental data of friction

versus tip velocity for the organosilanes grafted on silica and poly-

mer grafted on the silanized substrate wihthe cantilevek,, (b)
the cantilevek,, and(c) the cantileveks.

vibration frequency of the particle or mobile molecule and
the Boltzmann factor. The probabilities of jumping to the left
or to the right are equal, leading to a null average velocity.

If we consider a one-dimensional periodic distribution of
barriers of spatial perioth, under shear force the potential nal shear force.
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FIG. 7. Frictional force versus vertical piezoelectric displace-
ment (cantileverk, is used. For convenience, a zero value corre-
sponds to a null externally applied load, that is, an effective applied
load equal to the pull-off forcé&pg. Silica surface(crossey 0.05
< u<0.07, organosilanéopen squane0.06< «<0.08, and poly-
mer (solid squarg0.11< ©<0.15.

barriers are distorted and the average velogiig given by

it

kT KT

v=2vb exp{— (2)

where v is the vibrating frequency of the molecule in the
unperturbated harmonic potentialthe shear strength of the
slider-monolayer interface, and is referred as the stress
activation volume. The barrier heig is governed by the
repulsive interaction between neighboring molecule units
(see Fig. 8

If the force and temperature are small enough, the mol-
ecule is restricted to small motions inside the harmonic po-
tential with a relaxation time given by. A typical frequency
of molecule units of 1 nm length or less is%4®z, which
gives for a periodo=0.5 nm a velocityv,=100 m/s. For
such an excitation, the energy dissipation occurs through
phonons. Such a process leads to abrupt changes in the fric
tion signal in which short relaxation times are involved cor-
responding to a stick-slip behavior.

At higher temperatures and higher shear forces, a continu-
ous energy dissipation similar to that of liquid viscosity can
occur. In that case, characteristic times are much longer and
the friction increases sublinearly with the velocity. Depend-
ing on the barrier height, the phenomenological equati®n
predicts that measure of the friction can exhibit such a be-
havior in the um/s range, a domain of velocity accessible
with an AFM.

(b)

FIG. 8. Sketch of a double-well potential distorted by an exter-
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In the sliding experiments we do not observe the velocity IV. DISCUSSION
v of the rate-controlling process, but the sliding veloaityf

. . . T A. Preliminary remarks
the nanotip. With the assumption thatis simply propor- Y

tional to the velocity of the nanotif/=cav and of the ob- ~ Before attempting to extract more quantitative informa-
served exponential dependence of velocity on shear stre$§®n, it is worth discussing first some technical and experi-
(i.e., 7¢>kT), Eq. (2) becomes mental points. Except when friction data are recorded as a

function of the externally applied loagharagraph IV-2, an
additional well-known difficulty encountered when using an
V=V ex;{ _ (3_ E i” 3) AFM is that we do not accurately know the stiffness of the
0 kT AKT/[| cantileverk, .3%3!
The stiffness of the cantilever follows a cubic law as a
whereVo=avb and Eq.(1) has been used. Equati¢d) can  function of the thicknes$® As the thickness is below the
be rewritten such that the relationship between the additiondnicrometer, the cubic law and this small thickness explain
vertical cantilever deflectiod due to the friction force and the reason why one can get scattered values of the stiffness.
the velocity appears explicitly: The lateral stiffness used in this work scales lgs
~(L/h)k,, whereL andh are the length of the cantilever
and the height of the tip, respectively. Therefore, additional
4) uncertainties due to the geometrical factor of the cantilever-
tip system are negligible since the dependence is linear and
that significant relative errors on the length and the tip height
wherek, is the cantilever stiffness that gives the vertical @re not expected because of their much larger values, more
deflection connected to the tangential force in the plan othan 100 and a few micrometers, respectively.
contact between the tip and the samieis simply related If we do consider that the announced stiffnesses are the
to the announced cantilever stiffness and the geometrical p&9orrect ones, at first sight, there are magnitudes of the fric-
rameters of the |evé‘r_27128 The phenomeno|ogica| equation tion forces which do not seem to match the cantilever stiff-
compared to the experimental results is given by nesses. For example, let consider the two extreme cases rep-
resented by the experimental results obtained wittkgnend
k,. The calculated vertical stiffnesses give a factor of 2,
(5) while the friction measured at a velocity=5 um/s with the
k3 is a factor of 7 higher than the one measured with the
k,. Also, the pull-off force measured with thg is a factor
At room temperaturek T~4.1x 10 2! J andk, can be esti- of 5 larger than the one measured with #3e and therefore
mated(see Table)l again a different value is obtained, still not reaching the one
There remain four unknown parameters: the velocitydeduced from the friction measurement.
Vyq, the area of contad, the barrier heigh®, and the stress From the Deryaguin approximation or the JKR motfet®
activation volume¢. As shown with the fit performed by we derive that the adhesive force is proportional to the radius
Briscoe and Evarls (paragraph V-4 a variation of one or  of curvature of the tip:
two orders of magnitude d¥, does not change the general
trends, so that using a value @f=100 m/s is a reasonable
assumption. For the stress activation volume, it is a more
complicated matter. The exact physical meaninga$ less
clear. Let us consider first that it is related to the volume ofwhereW is the Duprework of adhesion and, in these experi-
a molecular unit so thap~0.2 nn?. With the help of these ments, the constar® can be assumed as being the same
assumptions, the fit of the experimental data points gives th@hatever the cantilever uséd.
two other parameter8 and Q. The results are reported in  Taking the smallest pull-off force as a reference, we ob-
Table I. tain a relative evolution of the ratio between the pull-off
In spite of the wide range of contact area calculated withforces, which in turn give the relative evolution of the radius
the help of Eq(5) and even considering that the geometry of of curvature of the four different tip€rable 1l). When these
the contact area between the tip and layer can vary signifivalues are compared to the ones obtained from the computed
cantly, the quantities of interest which are related to the disareaA, one gets an excellent agreement and the apparent
sipation process remain remarkably close. Except for the tigliscrepancy disappears. Both the fits of the friction data
kS the shear strength, which is obtained from the computegoints and the measurements of the pull-off force indicate
values of the contact area and equatitj) varies between that the large differences are mostly due to a change of the
210 and 290 MPa, while the barrier height varies between &ize of the tip.
and 210 ! J. Even more interesting is the systematic dif-  This result is completely sustained by the different mea-
ference between the shear strengths of the PA grafted on tlseirements performed on the organosilane molecules and on
organosilane molecules and the ones of the organosilane lathe polymers. As a consequence, if one cannot access accu-
ers themselves. The shear strengths are systematically a faately quantitative stiffnesses, it remains that their relative
tor of 2 higher when the polymers are measured, while thevalues are certainly the good ones. Because of the very good
ratio of the effective barrier heights shows also a remarkableonsistency obtained and leaving aside that the force might
stable value with values ranging between 1.3 and 1.45.  not be quantitatively accurate, we conclude that our estima-

A
Ff:kt E

A oA KT I (V
= —_— n—
ki Vo

+kt_¢Q

Fpo=Fas=CWR (6)
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TABLE Il. Ratios of the area of contact computed from the very good agreement with the relative shear strengths calcu-
friction data and of the pull-off forces. The values used as referencgated in Table I. The friction coefficient of the grafted poly-
are obtained with the cantilevis . 3-ethoxysilanda) and polymer  mer surface is 0.13, while the friction coefficient of the silane

grafted on silanized silicé). film is 0.06. The friction coefficient measured for the silica,
which is velocity independent, is 0.06, a value smaller than
@ the one previously obtained with an AFM. At
Ay Feo, | Feq | ** 0.7 um s™%, the silane film is almost equal to the silica one,
A e . a rather high friction coefficierit>* which indicates that the
2 P P, layer made of the triethoxysilanes does not act as a lubricant.
K 6.1 24 38 Here it is im.portant to note that, whe_n recording friction
k; 3'1 2'7 1'9 data as a funct_|on of the externally applied load, the way we
kg 6.9 6.9 90 measure the frictiof?® does not need to know the cantilever
3 ' ' ' stiffness. The friction deflection is given byA/2
(b) =§(h/L),u(V)Ap, where A, is the vertical motion of the
A Frg | 2 Fpg | 43 piezoactuator. Thus, if our calibration of the cantilever de-
(_> % % flection is correctly done, which is very easy to perform, one
Aq FPQKZ Fp% gets a direct absolute measurement of the friction coefficient.
We have already noted that while the friction of the poly-
Ky 6.3 5.4 3.1 mer is systematically higher of a factor of 2, the pull-off
Kk 35 2.3 1.7 force is slightly smaller. The differences between the pull-off

force are small, from 5% to 10%, but, since they have been
systematically measured, are significant.
tion of the lateral stiffnesses does not introduce an additional A friction force much larger when the pull-off forces are

uncertainty when using E¢5). nearly identical does not fit the expected behavior. An in-
crease of the friction as function of the pull-off force seems
B. Relationship between adhesive and friction forces quite obvious since the magnitude of the friction increases as

. . the contact area increases and therefore must do with the
Since the experiments were performed at null externally

. ) . . “effective applied load. Nevertheless, a more subtle relation
applied load, the pull-off force is a measure of the effective etween adhesion and friction has been suggested by

applied load. The JKR model predicts that the area of Comafgoshizawa etall® Their recent experimental work per-

varies as formed with a SFA apparatus shows that the friction force is
A~ (FpoR) 23~ (WRR)Z3~R43 (7 more likely to_be a fl_mction of_the hysteresis of adhesi_on
rather than being a direct function of the force of adhesion
As expected from the preceding analysis, the relative evoluitself. In other words, the energy dissipation becomes the
tions of the ratios of the contact area calculated from thelifference in energy between advancing and receding the
pull-off forces and expressiof7) do not agree with the ones contact area during the translation motion of the tip, a situa-
deduced from the friction datérable Il). For example, the tion similar to what happens in a force curve when the tip is
two extreme cases give a factor of 9 between the two respeapproached and then retracted from the sample. We do not
tive contact areas, that is, a factor of 3 times less than the origave the sensitivity to measure accurately the shape of the
computed from the friction data. instability of the microlever when the tip approaches the sur-
For an elastic response of the organic films following theface. Uniquely, the pull-off force, corresponding to the re-
Hook law, the elastic displacemeéitdepends linearly of the traction, can be measured, so that we cannot perform a com-
effective applied load, that i$i~Fpg. For values ol much  parative study between friction and hysteresis of adhesion.
smaller than the radius of the tip, a simple geometrical asAs shown below, taking advantage of the changes observed
sumption gives the area of contact between the sphere amgtween grafted polymers and silane molecules, we get a
plane surface: further insight into the origin of the increase of the friction
without the need of an increase of the adhesive force.
A~ SR~WR,
which is the relationship obtained between the pull-off force
measurements, with the use of the Eg), and the areas of
contact computed from Ed5) and the friction datdTable In their review article Overnegt al. stress that AFM re-
. sults of variable velocity cannot be explained by the Eyring
Therefore, whatever the size of the tip we have usedmodel of friction, while it does as a function of the
these results indicate that a linear relationship holds betweepressure:** The main reason was that any velocity depen-
the effective applied load and the contact area between thdence was associated with wear of the layer. In their experi-
tip and layer. Rather than a JKR model, the use of the Amment, the smaller the tip velocity, the larger the friction, the
ontons’ law is more suitable. increase of friction being accompanied by a noticeable dam-
The whole picture is supported by the measurement of thage of the film.
friction as a function of the externally applied load. Polymers As we have shown in Ref. 7, we also have observed such
and silane molecules exhibit a linear behaviBig. 7). The  a behavior in some circumstances and clear evidence that the
comparison of the friction coefficienig(V) give results in  increase of the friction force as the tip velocity decreases was

C. Influence of the tip velocity on the force of friction
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always connected to damage in the films. Note also that redrings molecules into contact, the effective unit involved
cent experiments performed at the macroscopic scale haw®ntains more molecules when the grafted polymers are in-
shown a velocity weakening of the friction. This velocity volved. For each equivalent translation motion induced by
weakening is interpreted by a creep process, the strength #fe tip, the number of repulsive contacts increases, from
which being increased with the age of contact between th#hich one can expect an increase of the barrier height.
slider and the surfac®.This appears similar to the observed ~ When rubbing the grafted polymers, the interface shear
V weakening with an AFM, as it was systematically accom-Strengths are found to pe systematically the double of t_he
panied by evidence of plastic deformation or serious damag@n®S measured on the silanes. But those results are obtained
on the film. by keeping the stress activation volume identical for the two
When the behavior is of the Eyring type, as described irfyPes of Igyers. . .
the present work, the layers remain remarkably stable. Each |"€ré isa priori no particular reason to use the same

data point shown in the present work corresponds to an aVs_tress activation volume for the silane molecules and the

erage of several measurements, and this means that to reccﬂﬁl.ymer grafted on the connectors. The use of a stress acti-
tion volume twice as large for the polymer will give the

a velocity dependence, the same surface location must pe . .
scanned several hundred times without showing any modifiZ@Me shear strength for the two series of samples. It will also

cations. A similarV strengthening of the force of friction has gives an area of contact twice as Iarge_for the polyme_r n
been recently observed with an AFM, in which, also noSPIte of smaller pull-off fo_rces. As shown in Table I, keeping
specific damage of the layers was repéﬁed ' " “the same stress activation volume provides a very good

The main interest of the Eyring model is to provide infor- agreement between the relative pull-off forces and the con-

mation, barrier heights and shear strengths, which gives Tg(‘:[t grefa. Thteh COPFat(.:t an(aja? for the p()tlyme{ slempI(Ie_shc;:)m-
fruitful comparison between the two series of measurementd €0 Trom the riction data are systematically slightly

As shown in Table I, the barrier heights are higher for thesmaller than the ones obtained for the silane layers, exactly
polymer, showing at ’Ieast an increase of about 30% as the pull-off forces behave. Therefore, to keep coherent the

Glosli et al?2 in their molecular dynamic simulation ex- discussion of the results, we consider that the large increase

press the barrier height as a function of an effective numbe‘?f the friction is re!ated to an increase O.f the shear strength,
of molecules involved in the friction process. The barrierSUCh a choice being completely sustained by the analysis

height for one molecule is given by the repulsive strengthg'ven In Secs. _IVA and IV B. N

between molecules and is set equal t&z0To describe the Following this aim, the same qualitative arguments can be
barrier height in terms of an effective number of molecularused to understgnd the increase of the shear st_rength. Be-
units is questionable, and, as underlined by the authors, thef&@YSe of the rodhkp struqturg of the polymgr, the silane T“P"
iS no reason to expect that the barrier height can be simpl?cul.eS are more tlghtly_flxed,_thus, thg units are more_rlgl_d,
connected to the area of contact. eading to a structure with a higher spring constant, which in

Nevertheless, it can help to understand the increase &Jrn leads to a higher shear strength to move the unit at the

barrier height as being an increase of the number of molSaMme velocity.
ecules involved in the dissipation process. If so, our experi-
mental data show that this number does not depend of the p_comparison with friction data obtained at larger scale
contact aredTable )). In spite of the wide range of contact
areas and whatever the series of samples measured, silanes o
molecules or polymers, within the same series of layers we Because of the good robustness of the friction data and
get values of the barrier height nearly identical. In otherthe coherent picture obtained when the Eyring model is used,
words, the force of friction is proportional to the number of it becomes interesting to compare in more details the AFM
molecules under the tip, the area of contact, but the numbdgsults to the ones obtained by Briscoe and Evans. For their
of molecules that characterizes the process to produce tifgPeriments, the contact area is at the macroscopic scale,
dissipation of energy remains independent of the number dhus several orders of magnitude higher than the one we have
molecules involved in the contact. with a nanotip. As a consequence, the authors have access to

As the stress activation volume, the exact physical meanthe contact area which allows them to reduce t_he .number of
ing of the barrier height is difficult to access. The base line ofiNknown parameters. Therefore, the stress activation volume
a microscopic description of the viscous forces is that th&an be calculated instead of being set arbitrarily.
transfer of moment occurs through motions bringing the ~The main pointis to evaluate the influence\q, since in
molecules into contact. Following this framework and be-any sliding experiment what is measured is the slider veloc-
cause of the simple chemical structure of the polymer, aty- Using severalV, values between 7:7107? and
qualitative interpretation can be drawn. 1700 m s, the authors found values @f between 3 and

A chemical function has been synthesized at each mond3-6 nnt. A direct consequence of the use of a large activated
mer unit, allowing the polymer backbone to be grafted onvolume, for example, 5nfy corresponding to Vg
several organosilane molecules. Moreover, because of theg20 ms', is that the contact radius computed is between
conjugated backbone, polyacetylene might have a more rigid0 and 25 nm, thus leading to a rather large area of contact
structure than usual polymer with saturated covalent Iffiks. between the tip and layer.
Therefore, through the chemical links and the polymer back- Using the procedure described in Ref. 35, we get an esti-
bone, a coherent motion of organosilane molecules can b@ation of the radius of the tip. For example, we estimate for
induced. The number of monomer units per polymer is abouthek; a tip radius between 20 and 25 nm and for kfjea tip
80, so that for an energy dissipation related to motion thatadius between 50 and 60 nm. leé is clearly broken,

on Langmuir films and rubbers
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which can be straightforwardly deduced from the data reand used in the present work, falls in the range of this char-
ported in Table I. These measurements are indicative sincacteristic length. It seems that as soon as ideas of viscous
the assumptions are based on a geometrical andfySisch  flow can be applied to explain the friction behavior, we end
an approach assumes a smooth, spherical shape, at the vevigh very similar results whatever the scale at which the
end of the tip and thus cannot give the fine structure of thesliding experiment is performed and whatever the friction
tip. apparatus used.
These values provide information suggesting that the ra-
dius of the contact area is about the one of the tip, which is
unexpected for grafted layers that have thicknesses between
1 and 4 nm. A too high magnitude of the contact area may The frictional forces between grafted layers on silica and
partly be due to an overestimation of the stiffnéss[Eq.  a nanotip have been measured with an AFM. The change of
(5)]. But to get reasonable values of the contact area requirgke frictional force as a function of the tip velocity has been
to divide the announced stiffnesses by a factor of 5. Not onlynvestigated, providing a comparative study between the fric-
is such a discrepancy on the stiffness values not reasonablkign behavior of triethoxysilane molecules grafted on the
but this will also mean that the same correcting factor shouldilica and polymer grafted on the triethoxysilane molecules
have to be applied for the four different cantilevers. Also, theacting as coupling agents.
pull-off force measurements give an overestimation similar For the two types of grafted layers, the forces of friction
to that obtained with the friction data. In spite of the veryincrease linearly with the logarithm of the tip velocity. The
stable behavior and the coherent picture we get, there are stidleneral trend of the data is correctly described with a simple
a few questions remaining to perform a complete quantitastress-modified, thermally activated model. With the help of
tive analysis with an AFM. the Eyring model we compute the interface shear strengths
With a stress activation volumé=5 nn¥, the interface and the barrier heights. The nanotip experiences a much
shear strengths decrease by a factor of 25. The AFM resultigher frictional force on the polymer layer, and we system-
give shear strengthsranging between 8 and 11 MPa, which atically compute a corresponding interface shear strength
is exactly the domain of shear strength measured at the matwice as high as the one computed for the silane layers. Also,
roscopic scale. Moreover, the barrier heights calculatedthe barrier heights increase 30—40%. The good robustness of
which are independent of the activation volume chosen, arthe behavior, observed whatever the tip used, and the use of
also nearly identical to the ones obtained by Briscoe andhe model make that we obtain a coherent picture from
Evans. which we deduce the way the polymer has been grafted on
Therefore, using the same phenomenological model to inthe triethoxysilane molecules. The monomer unit has been
terpret the AFM results leads to quantitative values identicathosen such that the polymer backbone can be grafted in
to that obtained at a much larger scale. In other words, theeveral locations. The friction data sustain this possibility.
process that characterizes the dissipation of energy is ind&Ye end with the conclusion that the increase of the interface
pendent of the scale at which the force of the friction ofshear strength and the effective barrier is due to the polymer
self-assembled or grafted layers is investigated. that chemically links the organosilanes, thus increasing the
This conclusion should not be so surprising. AFM dealsnumber of molecules involved in the process of dissipation.
with the concept of single asperity, which obviously comes Using the stress activation volume computed by Briscoe
from the size of the nanotip, but when a sliding experimentand Evans?® we obtained shear strengths and barrier heights
at the macroscopic scale involves soft materials on a smoottor the silane layers which are remarkably closed to the ones
surface, there is no particular reason to consider a multiaghey measured. Therefore, from the macroscopic scale down
perity problem. to the nanometer scale, it does appear that we can get the
This has been unambiguously shown by GroSciBy  same behavior with very similar quantities characterizing the
sliding a rubber on a glass, Grosch has been able to extractigterface during a sliding experiment.
characteristic length of 6 nm, while when using a rough sur- As the sliding friction is described with a thermally acti-
face, the characteristic length is 19cm, corresponding to vated process, to get further quantitative insight into the fric-
the average distance between the asperities. This experimetion behavior requires measurement as a function of the tem-
tal results clearly show that if soft materials are investigatedperature. The present analysis suggests a liquidlike structure
macroscopic sliding experiments can access molecular quanf the layers, and following the dynamic phase diagfdm,
tities. one can expect to reach the amorphous, more rigid state, by
Also, through an analysis of the relaxation of the fric- cooling down the sample. From a practical point of view, it
tional force, recent experiments made with a SFA apparatusan be of importance to access the different structures of the
show that a characteristic length of 4.5 nm was systematitinderlying coupling agent layer in order to optimize either a
cally observed?® grafting or a polymerization process of a polymer. Such a
If we put these results together, we might see that thestudy of the influence of the temperature is currently under-
stress activation volume computed by Briscoe and Evansyay.

V. CONCLUSION
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