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Dynamical frictional force of naoscale sliding
Daisuke INOUE
abstract

In nano- or micro scale systems the surface effects, such as the frictional and
stictional behaviors, are of great importance because of their large surface-to-
volume ratio. Even in macroscopic bodies, their friction and stiction are governed
by small contacting asperities, the area of which is much smaller than the apparent
area of contact. To control the surface effects, understanding of small contacting
asperities has an industrial significance.

To study the frictional and stictional behaviors at a nano-sized contact, I have
developed a new apparatus which combined a quartz crystal microbalance (QCM)
with an atomic force microscope (AFM), and have measured the energy dissipation
and the effective stictional force due to the sliding down to the atomic distance.
In this system, the loading force is controlled by AFM, while the stictional force
and the energy dissipation per unit distance (the dynamical frictional force) are
directly measured by changes in the resonance frequency and the Q-factor of the
quartz resonator. This apparatus has an advantage of controlling easily sliding
distance by changing the applied alternative voltage. I have measured these forces
for highly oriented pyrolytic graphite (HOPG), Cg fullerene and Au substrates
using Si or SizN, cantilevers. The sliding distance was controlled the range of 0.01
to 10 nm. It was found that the nanoscale contact has a common feature. When
the sliding distance is sufficiently smaller than the lattice constant, the dynamical
frictional force is proportional to the amplitude. As the sliding distance reaches
around the lattice constant, it undergoes a transition. Following the transition, it
does not depend on amplitude, i.e., the force does not depend on sliding velocity, or
the Amontons-Coulomb-like behavior, although it does not increase proportionally
with normal load. The observed behavior is qualitatively understood by a simple
one-dimensional Tomlinson model.
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Crst = 6(1)1<lr1lsllt1 — Lalsaliy — Lalalyp — l7'2l52lt1)
ey (halsalis + balssly — Lalssln — Lalalis), (3.3.5)
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VAT = ,/c% = 3.321 x 10° m/s. (3.3.11)

00000000 SMD-49(0 0000 3.26 MHz) OOOOOOOO SEN-5P(O
O00O05MH2)000000ODO33.7)000000000OODOdOOOODOO

1 & 1

d ., = — —
3-26MIH 2fr\ p 2% 3.26x 106

-3.321 x 10° = 0.509 mm,

1 s 1

dsyn, = —— —
oM 2fr\ p 2 x4.99 x 106

-3.321 x 10 = 0.332 mm.

0ooo
000O0SCO00000000(¢,6) = (21°56/,33°56') 0 00

p = 2.649 x 10°kg/m?
ces” = 38.70 x 10° Pa, eg5 = —0.0295 C/m”, € = 39.77 x 1072 F/m
ces” = 38.73 x 10° Pa, kys®> = 5.64 x 107* (3.3.12)

D
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OoboodooooooooobooogJKROOOO DMTOOOOOOOOO
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000000000000 0000 E,=20x10" N/m?’ 0y, ~0300000
O00o0o0don Youngd E*0O0O

4 (1—v? 1-p2\"

E* = - 5.1.1
3 ( B E, ) (5.1.1)
4/1-03 1-032\"

- 1.2
3 (1.5 <107 T 2.0 x 1011) (51.2)
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Ac:w(%um+%0 =9.0x 1071 (F, — Fy)*? (5.1.6)
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oooooooo A. 0
67y 1 2/(2n—1)
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= 1.1
G ( a + a ) (5.1.13)
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L1 1
keff klever ktip kcont act
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m
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X
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dt?
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0000QCMOOO0O0OO000OD Fy(#) 0000000000 0000000
0000000000009 000000QO00000000000000
0 [54,72)0

A 1 1
% = LI X (Fewlt) cos(wrt)), (5.4.2)
1 2 1 .
A <@> = _w%{Mc X (Faub(t) sin(wpt)), (5.4.3)
(5.4.4)

oo0oooM.0000000000O0(---),01000000000000O0

<...>t:%/0 codt (5.4.5)

O0007T0000AFM-QCMOOO0O0OOOO0OOOOO (h4.1)000000
O0D00D0D0D0 Fgp,®)OOODDODD Fouier 0000000000

O0D000D0O0ODODODODODODODODOOO0 (541)00000000000O0O0O0O
U000 r=wrt0oooooOd x:%’rXDDDDDDDDDDDDDDDDD
ooé®

sin(xy — ) (5.4.6)

_ — T — _— —
dr dr mwg2a?

d’z, K H dr, dx, 472U,
dr? mwg? MWR

000000% =dx/dr, k= K/mwg® n=H/mwg, uy= 4r*Uy/mwr?a’
ogggo
&= —kx —n(t; — 2s) — upsin(z; — xg) (5.4.7)

0ooooooooboooooooooooboooooooooaa fsubD
fsub = N(&s — @) + uo(zy — x4) (5.4.8)
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1. 00000000 2z,,000000 k,nue0OOO(A05) 0000

2. 0000000000000 Fourier OO (fsup cosT/2s0)-0 (fsub SInT/x50)+
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"D000000 Fourier 000 00000000O0O0DO0DOOO
854.1)00000000000000000O0O0O0000 mwg?200000
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3. 10002000000 1/1000 100000000D000CO000O0
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1 2m
(...>T:_/ dr (5.4.9)
2m Jo
000odooooooobobobodd Fourier O OO
fsub 2 Fsub
= t 5.4.10
<$so COST ] mwr X, cos W t ( )
dooooodooooooooooogiooooooooooog cgo
mer’ _m (5.4.11)
C = —= X
wR2Mc Mc
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