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The 2/3 Power Law Dependence of Capillary Force on Normal Load in Nanoscopic Friction
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During the sliding of an atomic force microscope (AFM) tip on a rough hydrophilic surface, water capillary
bridges form between the tip and the asperities of the sample surface. These water bridges give rise to capillary
and friction forces. We show that the capillary force increases with the normal load followfiagpawer

law. We trace back this behavior to the load induced change of thstiface contact area which determines

the number of asperities where the bridges can form. An analytical relationship is derived which fully explains
the observed interplay between humidity, velocity, and normal load in nanoscopic friction.

Introduction have shown that for rough surfaces the adhesion forces can
depend on the normal load if there are plastic deformations of
the asperities in the conta®?! The normal load dependence

of the capillary force for multiasperity contacts in the elastic
regime has important consequences on the macroscopic proper-
Ities of granular materials as well as in nanoscopic devices.
Despite this, it has not been studied so far.

In this paper we show that the capillary force between a
spherical AFM tip and a rough flat surface increases with the
normal load,Fy, following a %3 power law. This behavior is
traced back to the fact that the number of asperities where the
capillary bridges can form is proportional t€y%3. In the
following, we first measure the capillary force between an AFM
tip and a glass surface through sliding friction force versus load
measurements at different humidities and velocities. We show
that these experiments can be explained only with at00/1
power law dependence of the capillary force on the normal load.

The capillary force between two surfaces due to the formation
of a liquid meniscus plays a central role in many physical,
chemical, and biological phenomehderom a technological
point of view, the reliability of hard disks, aerospace compo-
nents, and miniature motors depends on the ability to contro
surface forces such as friction and capillary forces at the micro-
down to the nanoscafe Atomic force microscopy (AFM) has
become a powerful technique to study surface forces at the
nanoscalé,® and the AFM tip sliding on a surface can often
be considered as a model system for technologically relevant
devices.

The quantitative study of capillarity can be traced back to
the 19th century and has its root in the work of Young, Laplace,
and Kelvin? For a long time a very simple equation deduced
from their theories has been used to describe the capillary force,
F., between an ideally smooth spherical tip of radRysand a

10-12 Second, we develop a model for the load dependent capillary
flat surface® . ;
force which fully reproduces the experimental load dependence
F. = 27R;y(cosf; + cosby) (1) of the friction force over the investigated range of velocities
[ T T s gear
and humidities.
wherey is the liquid tension anélr andés are the contact angles Lord Kelvin was the first to derive the following relationship

of the tip and the flat surface, respectively. However, several between the equilibrium vapor pressure of a liqutdand the
discrepancies have been found between experiments and eq 1mean radius of curvaturey, of the liquid/vapor interfacé!!

First, in eq 1F. is humidity independent whereds, was

) o ' -, 1 kT (p
observed to increase with increasing humidity-1® Further- == —In(—) 2)
more, eq 1 applies only at equilibrium stationary conditions, '« YVYm \Ps

that is, when the tip and the surface stay in contact for a
sufficiently long time. If the contact time is below a critical
value, it has been observed tHat increases with increasing

. 6.17 S . : _
contact timeg817 Another assumption in eq 1 is that the surfaces f is about 1 n,and as a consequence, water bridges are able

in contact are perfectly smooth, and'of cou'rse'th|s is not always to condense in nanometer-scale interstices. However, it may take
the case for real surfaces. Recent investigations have demon-

4 that th ; h | ial role in th a long time to reach the equilibrium state, since the formation
f‘trat%_tt atdt t'e sucrj ace rdoug nefss P ?lllys af Crggs'g 'I[ﬂ e In et 5 water bridge is a thermally activated proctss:20The
umidity and time dependence of capiiiary Torees.” TNESe. — anarqy harrier for the formation of bridges of heighind cross

studies show that many capillaries can form between the sectionR2 is AE(h) = ksT In(Py/P)hR2Vy. By considering
asperities of two surfaces in contact, and this leads to an increasqhe thermally activated capillary condensation between two

fFFCdW'th mtirgasm%conttﬁct time a|1r|1d 2um;]d|ty. Fmally,tlnteg_ rough surfaces sliding one on the other, two important effects
c does not depend on the normatioad, whereas recent Stiudi€ 5y peen observed.First, for longer contact times (lower
¥ Ecole Polytechnique Rierale de Lausanne (EPFL). slldlng .velocmes) bndgr—;s can form also betwegn more dlstar]t
s Georgia Institute of Technology. asperities. Since the distribution of the asperity distances is
* Universitadi Genova. broad, the number of formed capillarield, increases with
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whereVy is the molecular volume of the liquid arés the
saturated vapor pressure. This equation has been proven to be
valid down to a few nanometets.Under ambient conditions
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decreasing sliding velocities. Second, sitde decreases with
increasing humidityl\; also increases with the relative humidity.
The velocity and humidity dependenceMfcan be calculated
analytically following the steps reported in ref 16 to yield

] |
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\V; In—
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No= (VR i ©) z
0 Covz e
Il . V= Uniny Pz F)max

where is the full width at half-maximum of the interstitial
height distributiont’ vo, vmin, andPmax are critical parameters,
and N2 is the total number of asperities where the capillaries
can form. OnceN; is calculated, we can deduce the total
capillary force as the capillary force acting on each asperity
times N

F.= 2nyR(cosf; + cosOg)N, (4)

whereN; is given by eq 3 and; is the average radius of the
asperities. This equation shows how the capillary force increases
with the humidity and decreases with the logarithm of the sliding
velocity in agreement with the experiments reported in ref 16
on CrN thin films. However, in ref 16 the role of the normal
load on the capillary force has not been investigated, while here In(v [um/s]) In(v [um/s])
we concentrate on the study of the load dependence of the
capillary force.

Figure 1. (a) Friction force vs normal load for different sliding
velocities at a relative humidity of 33%. The solid lines are fits using
. . eq 6. (b) The same data Bt = 2, 6, and 10 nN from the bottom to
Experimental Section the top, respectively, bir is now plotted as a function of In. (c) F,

Our experiments were performed on a standard glass sheet €~ the value ofy whenFe = 0, as a function of Inv.
with a root-mean-square, rms, roughness of 1 nm oruand

surface. The capillary force has been investigated through coefficient andFagn is the adhesion force which is mainly
friction force,Fr, measurements at room temperature by means composed of van der Waals sotidolid forces and capillary

of an AFM (AutoProbe MS). For humidity control, the AFM  forces!3.24 Since in the elastic regime the friction force is
was placed in a tight box with inlets for dry and water-saturated proportional to the contact ar@athe power law dependence
nitrogen. We used V-shaped silicon cantilevers (Ultralevers type of the friction force on the normal load can be traced back to
B) with normal and lateral spring constants of 0.4 and 50 N/m, the |oad dependence of the contact area. Different models have
respectively, and silicon conical tips with a nominal radius of peen developed to study this dependence in the case of single-
curvature greater than 10 nm. The normal and friction forces gpq multiasperity contad&2° and self-affine surface¥. For

are proportional to the normal and the lateral deflections of the the first case a&/; power law dependence is usually found,
cantilever which are recorded simultaneously. We deffine= whereas for the last two cases a linear dependence is more likely.
0 nN at the point where the cantilever is not bent. Relative of course the border between a single- and a multiasperity
changes of the lateral forces were determined accurately by usingsontact is difficult to define, and it is unclear whether continuum
the same cantilever throughout a series of experiments. Thecontact mechanics is still valid at the nanoscopic scale.
velocity dependence of friction was investigated in varying the Nevertheless, following these lines of thought, if the primary
scan frequency at fixed size. We verified that different scan regylt of increasing the load is to cause existing contacts to grow

sizes at constant frequency yielded consistent results. All the and not to form new contacts inside the apparent contact area,
measurements at different loads were reversible; this means thafye still are in the single-asperity regime afewill not increase

we were always in the elastic regime. linearly with Fy.3

According to eq 5, the value dfy whenFg = 0 in Figure
lais the adhesion force. Since in our experiments the capillary
Figure 1a shows the friction force as a function of the normal forces are much greater than all the other adhesive forces, that
load at different sliding velocities for a fixed humidig/Ps = is, at low humidity P/Ps = 0.5) the adhesive force is lower
0.33. In Figure 1t is plotted as a function of ln at Fy = 2, than 1 nN1324we can writeFaqnh =~ F. Parts b and ¢ of Figure
6, and 10 nN. First of all, we observe tHatincreases with the 1 show thatFr and F. decrease with In. The same behavior
normal load following a power law with an exponent signifi- for Fr at three different humidities is reported in Figure 2. This
cantly lower than 1. This is in agreement with previous AFM figure shows that the slope of the versus Inv curves decreases

Results and Discussion

experiments which fourfg2.23.27 with decreasing humidity and is almost zero at very low
humidities. We point out that on the same glass surface at even
Fe= uo(Fn + Fagn™® 5) lower humidities and in ultrahigh vacuum or on an atomically

flat mica surface in air, the friction increases with the velocity
whereug is a parameter with a meaning similar to the friction because of a thermally activated stick and slip proéessl
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Figure 2. Friction force as a function of Iny for three different 4 I,"
humidities, at~y = 4 nN. The solid lines are fits with the relationship Y /
Fr = (A — B In )??, with A andB free-fitting parameters. \\ /
20F N
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Figure 5. The new radius Rr(rx + 6))*2which defines the area where
Z the capillary can form when the tip penetrates the surface for a depth
S 101
k“u
sk capillary condensation. As found by Kelvin, water condenses
in interstices which are smaller thamk2 This means that the
available surface where the capillaries can foriis~ 4arkRr
N | | | (see Figure 4)N; can be written as the ratio betweAg, and
0 5 10 15 the area of one capillargR2. R: has an intermediate value
F, [nN] betweenrx and R, however, the surfaces investigated in this

experiment hav®, ~ 1 nm, and thus, at ambient conditions

~ Ry~ R.. The deformation of the tip and the surface once in
contact can be taken into account by writing, from geometrical
considerations (see Figure B, ~ 4arcRr(1 + d/rk), where

d is the indentation depth. Using the Hertz theory to estimate
these results are in perfect agreement with the study in ref 16,26 we can writeAy, ~ 4nrkRr(1 + KFy23) where

and with egs 3 and 4 through eq 5. According to these findings

and the above equations we write K 1( 9 )1/3 )

=

Figure 3. Capillary force as a function of normal load at different
velocities. The solid lines are fits with the relationsitp = (A +
BFy)?3, with A andB free-fitting parameters.

v )23
Fee uo(Fy + Fo™ = #O(FN +f |n_o) (6) _
v with E = [(1 — v4p?)/Esp + (1 — vA/EJ ~* whereEp, Es, viip,
andvs are, respectively, the Young modulus and the Poisson
ratio of the tip and the sample. Finally, we obtain the following

: : tot.
relationship forNg":

wheref. is a function of the humidity. Moreover, we note that
the velocity and load dependence of friction shown in Figure 1
put in evidence that the slope of thg versusFy curves
increases by decreasing the velocity, that is, the slope d¥ghe o 2
versus Inv curves increases with increasing loads. This means NC A, AnR(IHKFP) AR (KR y
that by increasing the sliding velocity we have not only a shift c = chz Rﬂz = R,
of the curves on th&y-axis due to a decrease Bf according

Using eq 3, 4, and 8, we find the following equation for the

to eq 4, but also a decrease of the slope. This effect can be
explained with the increase ffwith increasing loads. The data capillary force as a function of the normal load, humidity, and
velocity:

(8)

n

in Figure 1a can be plotted by using as independent variable,

In . Fr versus Inv data at different loads have been fitted with

Fe = uo(Fn + e In(vo/2))?3. From this fitting procedure we v

find the values ofif. at different loads. By solving the equations vV |n_0

for the intercepts at different loads, we also obtain the value of F, = 8tyR (1 + KFN2/3)(—M2)—U 9)

In o anduo. The capillary force=c = f. In(vo/v) is then plotted Ps

as a function of the normal load at different velocities as shown InF

in Figure 3. The resulting power law of the capillary force on

Fnis 0.7+ 0.1. Here, we have considergd ~ 90 andfs ~ 0, since these are
The normal load dependence [6f is hidden in eq 3 inthe  the conditions during our measurements. In this equation we

term N‘COt via the number of asperities close enough to permit obtain the?/; power law dependence of the capillary force on
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Figure 7. Friction force as a function of the relative humidity fég
=12 nN andv = 0.2um/s. The inset shows the humidity dependence
of uo®4; for Fy = 8 (triangles) and 14 nN (circles).

gz — TABLE 1. Experimental and Theoretical Values of u®4.
& for Fy = 8 nN
RQ P/ Ps (/103/2fc)theor[nN3/2] (#03l2fc)eXpt| [nN3/2]
R " 0.12 0.6 0.5+ 0.1
= 0.22 0.9 0.8£0.1
0.33 1.3 1.3t 0.1
0 | | | |
0 5 10 15 I . .
F.[aN capillaries can form is larger, thus the phenomenon of capillary
~[N] condensation plays a more important role leading to an increased

Figure 6. Load dependence @f®%; and uo®? obtained by fitting slope of theFg(In ») curves.
the data in Figure 1 with the equati®i = po(xo + fc In )?%. By comparison of the experimental data in Figure 6 with eq
13 and 14, we can determii®, K, vo, anduo. To fit w4
versusFy?? we use two free parametergy®?Fo andK, whereas
to fit uo®2xo versusFy we use as free-fitting parametefg and
vp| 23 vo, because&K andug®2F, are fixed to the values found in the
In— previous fit. We obtairFp = 1.3 + 0.4 nN which has to be
Fe= 0| Fy + Fo(1 + KFN2/3)_” (10) compared with eq 11. From this comparison, by tgkzlng 1
| P_s nm andR. = 1 nm we calculateRr ~ 30 nm which is in
n P agreement with our expectations for the tip used during the
with experiments. Furthermore, our fits gile= 0.204 0.15 nN-2/3
which is of the same order of magnitude as the value of 0.02
_ 8ayRyVy, nN=2/3 coming from eq 7 witE = 40 GPayx = 1 nm, andRr
- ARcz = 30 nm. Finally, the fits givay = 76 um/s andug = 0.6 +
0.2 nNY3,

In the following, we compare eq 10 with the experimental data _ The humidity dependence of the friction force has been
shown in Figure 1 and with other measurements of the humidity Studied at different normal loads and velocities 24t 0.2um/
and velocity dependence of friction. With these measurements, : in the range of relative humidities-20%, we show in Figure
the validity of our model is confirmed and we are able to extract / thatFr grows linearly with 1/inPs/P) as predicted by eq 9.
important information such as the valueskafvo, anduo. The In the inset we show our measurementgtc as a function
data in Figure 1 withF plotted as a function of lm for different of 1/In(P¢/P) at two loadsFy = 8 and 14 nN. As predicted by

loads have been fitted with eq 9 rewritten as follows: eq 13,fc increases linearly with 1/If/P) because at higher
humidities more capillaries can form at the same sliding velocity.
Fe = g% + f. In ofum/s]?? (12) Furthermore, at higher normal loafisincreases more rapidly
with the humidity. Again, this is related to the increase of the
with efficiency of the capillary condensation process at higher normal
loads and confirms the link between humidity and load as
23 1 described in our model. In Table 1 we show the humidity
fo=[Fo(l + KFy _|:>S (13) dependence qio®%. found directly from measurements B
InF versus Inv at different humidities and found from eq 13 using
the values ojto, Fo, andK previously obtained from the fit of
and the data in Figure 1R/Ps = 0.33) with the equations of our
model. The very good agreement between these values definitely
30N Vg proves the correctness of eq 9 in describing the capillary force.
Xo = [Fn + Fo(1 + KFy )—P (14)

InFS Conclusions

the load in agreement with the above experiments. Putting eq 9
in eq 6, we obtain

Fo (11)

In conclusion, we have found that during the sliding of an
The values ofug®?, and uo®?¢ as a function of the normal  AFM tip on a hydrophilic rough surface water capillary bridges
load are presented in Figure 6. The linear increasg wfith can form between the tip and the asperities of the surface. We
Fn?3 confirms the predictions of our model as it is rationalized have shown experimentally and theoretically that the total
in eq 13. At higher loads the number of asperities where the capillary force due to these bridges increases with the normal
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load following a%3 power law. We trace back this behavior to
the fact that the number of asperities where the water bridge
can form increases witRnZ3.
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