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|. Definitions

Sliding friction Rolling friction Wearing
(TepTs 3HOCY)

227 %
i g ~ 107+ 10° =

Kinetic friction — to keep the slider moving smoothly

Fv = power — heating of atmosphere (20% in car engine)

(y CILA Ttepts 3abupae ~ 6% BanoBOTro HaI[iOHAJIBHOTO MIPOAYKTY
~700 minesapais $ /year)

Static friction — to start motion
allows us to walk & drive; kpirutenns (6oaTH i 1.11.); clothes

[Ipu 3ynuHI a00 MoYaTKy pyxy, (Maike) 3aBKIH1 B1IOYBAETHCS PEKUAM
npurpanugnoro 3maszyeanus (lubricant solidifies)

tpuboioris: Greek “tribos” = Teptu



I1.1. History

antnuHuii epion (200,000 mo H.€.)
— n100OyBaHHs BOTHIO 32 JIOIIOMOTOI0 TE€PTS JIepeBa Mo JIEPEBY
eruntsau (2,400 1o H.€.)
— BUKOPHUCTOBYBAJIM BOAY™, 1100 3Ma3yBaTH CaHH,
KOJIM MIEPEBO3MIIM KaM’ siHI TUIUTH TIPY MOOY0BI Mipamil

Ry I

*note: nature uses water as a lubricant in body joints



11.2. History: aa BiH4i, AMOHTOHC, Ennep, KynoH

Leonardo da Vinci (1452-1519): friction is independent on the area of contact
Guillaume Amontons (1663-1705): friction is proportional to the normal force (load)
Leonard Euler (1707-1783): distinguish between the static and Kkinetic friction
Charles Coulomb (1736-1806): friction is independent on the velocity

(1) M= Ffriction/Fload ~constant <1
(2) Miinetic < abo << Mstaticc 1 Hikinetic € HE3aJCKHUM BIL V

note: these empirical laws enter to nowday textbooks ...



11.3. History: Bowden and Tabor 1950

[MosicHeHHs 3aKOHY | = F¢..i/Floag = CONStant <1 (phenomenology)

Even a surface which appears to be flat on a millimeter scale
may contain micrometer-scale asperities, 1.e., the surface is rough

o 9 1—"'"'-1 k T 4 ;"’I
"V O TR W ﬁ& L—r
; l.-b_\%-..lln T ) Ay fvmw_w f/ plastlc \
| elastic \___
CrpaBxHs ((pakT4Ha) 00NIaCTh KOHTAKTY € A, ~

F|oag» TOMY IO CIIPaBKHI MOBEPXHI1 IpyoOl,
1 A,y 3pOCTa€ TOKH 30BHINIHS CUJIa HABAHTAKECHHS HE OyZle YpIBHOBAKEHA

KOHTaKTHUM THCKOM, IHTETPOBaHUM 110 A, .
Hexa#t P oy 10ad = Ploag A/ Areqy € CTIPaBXKHIM THCKOM B KOHTAKTi. Toi:
py HU3bKOMY P

real load < F)yleld
npu BUCOKomy P

(eJTaCTUYHUN PEXKUM) YHCI0 KOHTAKTIB 3pocTac 3 F .4
real load >P yield

(TUTaCTUYHMUI PEXKUM) IJIOIA OTHOTO KOHTAKTY 3p0OCTAa€
(Maiixke) 3aBKIM € MACTHJIO MDK TBEpAUMM TijnaMu (“‘TpeTi Tiia’”):

4y (crieriagbHO BUOpaHa) 3MalllyBajbHa IUTIBKa a00 xup (Macio)

a00 muJ1, a00 yJaaMKu, BUPOOJIEHI 3aBAsSKM KOB3aHHIO, a00 BOJA,

a00 TOHKHII IIap BYIJIEBOJHIO 1 T.II. IO aJICOPOYIOTHCS 3 MOBITPSI

Tomy cusia TepTsi Malzke MOBHICTI0 BUSHAYAETHCH CHJIOKO,

10 BUMATA€THCHA, 00 3CYHYTH 3MANIYBAJIbHY ILIiBKY.



l1l.1. Experiment

R. == macro (pin-on-ball
fb’?%ng\ BI/IMipHIOTb.: CHITY pr>KI/THI/I , KoeimienT TepTs t=Fsiction! Fioad
: I :]i;: ) g \lispring (H?BHI[KiEFB: 3 HKOIf) THFHyTI,)
e

nano: Surface Force Apparatus (SFA)
Tabor and Winterton (1969); Israelaschuvili

* ATOMHO-IIJIOCK] CJIFOJISTHI TVIACTUHKH

* TOBII[MHA IIAPY KOHTPOIIOETHCS

(3a 10IOMOT OO0

ONTHUYHOI 1HTEepdEepeHIIii

3 TouHicTIO ~1A)

The main problem: what occurs in the interface ?



I1l.2. atomic-scale: Friction Force Microscope

e STM: ckaHy0OUYMid TYHEIBHUN MIKPOCKOII JJIs METaJIIYHUX OBEPXOHb
* AFM: MIKpOCKOIl aTOMHO1 CHJIM JJISI A1€JIEKTPUYHUX [TOBEPXOHb
e FFM: Mikpockon TepTsi-Cuiia (BUMIPIOE MOMEPEUH] CUITN )

Light Beam Deflection

Position sensitive

Photodiode array Laser beam

o
LS S O S
ke

LOAD

* MOJKE OyTH HaJIBUCOKUH BaKyyM
 TunoBuii pajiyc € 10 + 100 nm

e Tunosa cuna F,,q ~ 10 + 150 nN

e Bumipsie cuim Teptst F < 1011 N

* HM3bKI MBUAKOCTI (1 nm/s + 1 um/s)

 Top-down motion of the cantilever gives
information on the topography of the sample
* [n the friction measurement mode the
torsion of the cantilever is recorded

* [n a real situation both forces are recorded
simultaneously




111.3. QCM; levitation

KpucTtaniyHum kBapuoBum mikpobanaHc aromu rasy (Kr, Xe, Ar)
KOHJICHCYIOTh Ha OBEPXHIO KPUCTAIIYHOTO KBAPIIOBOIO OCIUJIATOPA, 110 oKkpuTuid (111)-
OpP1EHTOBAHOIO IIJIIBKOIO OJIAarOpOHOI0 METaIy SIK, HalpUKjaa, Au abo Ag.

Jlomana Maca ajcop0ara 1 3aracaHHs MPU KO63aHHI 3[BUTA€E 1 PO3IIHPIOE TIK PE30HAHCY

* MOK€ OyTH HaJIBUCOKUH BaKyyM
* 3BUYAITHO OJIMH YU JBa aJICOPOOBaHI Iapu MacTHUJIA

MeTtop ¢piznyHoOro MmasiTHUKa, nigBilleHOro B MarHiTHOMy nosi
O.A. Mapuenko, B.C. Kynuk, JI.B. Crpmxeyc (IO HAHY)




I1l.4. Experiments of Fineberg et al

% ‘Z(x
y




I1l.4. Experiment: some results

KonTakru:
* 00J1aCTh CIIPABKHHLOT0 ATOMHOI0 KOHTAKTY MAaJia
* KOHTAKTH PO3MOBCIOIKEHI BUIIAIKOBO
* TUIIOBUI1 po3Mip KOHTAKTy € 1+10 pm (moxke OyTH BUMIPIOBAHO ONTUYHO)

IMpuknax (Bo Persson): must cranesoro ky6a 10x10x10 cm?3 na cranesiii crei,
Ayisibie = 100 cm?, Preat 1oad ~ Pyield ~ 10° N/m?, onepxyemo Apey ~ 0.1 mm?
~ 103 +10° 3'ennans B intepdeiici (STM/AFM/FFM BuBua€ TibKH €IMHUNA KOHTAKT)

Cuiin MalOTh 3HAYEHHSA ATOMHOT0 MacmTady — O0JIM3bKO 10 MOPOry MJIACTUYHOCTI:
ecunanaarom f~1eV/1A=101J1/10°m=10°N
«STM/AFM / FFM: A~ 3 A2 Pyieia = 0.2 GPa (30mot0) — 100 GPa (anmma3),
onepkyemo F ~ P A~ 6-1012 - 3-10° N
e TOMYy (Mailke) 3aBKIU B KOHTaKTax B1J10yBa€ThCs
(emactruHa Ta/abo0 mracTuuHa) aedopmairis (1ie TaKOXK MOSCHIOE 3aKOH AMOHTOHCA)

Tonka muiBka (MeHi Hix 10 MONEKyISpHUX AlaMETPIB) MalKe 3aBAK/AU OPraHi3oBaHAa y
IIAPHU, TOMY IO MIAKIAJKU IHIYKYIOTh KPUCTATIYHUN TOPSI0K Y TLUTIBII
(3aTBepaiBaHHs / 3aMep3aHHsA MacTuia, Thompson et al 1995).

Kouiu TOBIIMHA € MEHII HiK 0JIM3bKO TPH HIAPa, OLJIbIIICTH MJIIBOK MOBOAUTHCH

MOAI0OHO TBEPAOMY TijTy



I11.5. Summary (90th)

All laws are approximate, all theories are phenomenological

The simplest model: one atom in a periodic potential:
CUJIa IPUKIIAJAETHCSA locked bistable running
F<Fb Fb<F<Ff F>Ff
0e3MmocepeIHbO /10 aToMa
piBHsIHHS pyXy JlaHXkeBeHa

@
30BHIIIHE TEPTS € HU3BKUM % \\ %\
F_{

1D mopeni: Moaens TomJincoHa Monens ®@penkens-Konroposoi

S ¥

e N A VaVaVaVaY

Molecular Dynamics (MD; the MD model must be three-dimensional 1)

O.M.Braun & M.Peyrard, Phys. Rev. E 63 (2001) 046110










IVV.1. Solid lubricant

Perfect sliding = “superlubricity”

HecymipHicTb (Aubry) (hard lubricant, T=0, p1 << 0.1)

a= 21T a=1T

“Amorphous” lubricant structure

VAVAWVAWAY VAVA CAVAV, (hard lubricant, T=0.3, p=0.08)

SIN(X) + SIN(X+2T) - gjn(x) + sin(x+m) = 0
= 2 sin(x)

E=2 E=0

MD: skopcrke mactuiio (V) >> V)

* 3MalllyBaJibHa TUTIBKA 3aJIUIIIAE€THCS B TBEPIOMY CTaHI
* KOB3aHHS — B iHTepdeici MacTUI0/IIAKIaIKa

* iTeasibHA KPUCTAJIYHA CTPYKTYpPa — JTO0CKOHAJIbHE KOB3aHHSI




IV.2. CamoBnopsigKyBaHHA MacTuna

Inesi: yu Moriia 60 3MalyBaJIbHA IJIIBKA

BIIOPS/IKYBATHUCH 3aBASAKUH BUMYILLICHOMY
/‘\/y HAIrpPIBAHHIO NIPU KOB3aHHI ?
4 Vv

PYX THILY 3JIUIIAHHSI-KOB3aHHS

00 k

0ol

10 /
P05 AM /
00— /

ITIaAKC KOB3aHHA

V,=0.5 (V,/V, =15), v=0.1

O.OL ||.)\‘h_||.|||||

. 4 N 0 S O O N O S O T ) N OV A I @
!,
10 time

O.M.Braun, M.Paliy, S.Consta, Phys. Rev. Lett. 92 (2004) 256103






V.1. Liquid lubricant

fstatic= 0, ~0.1

heating — phonons

frinetic ~ VISCOSItY

vacuum (f, > 0 even at T=0)

air (HDD)

water (Egyptians, sliding over ice, nature — joints)
But! squeezing — ol



V.2. Liquid lubricant: Chain lubricant molecules

|:|:|\IS.P|\L |||1'-_' i
spr|:1|;
.-.—.-.-.-. v lei'.':
lubricant
molecules The atoms within molecule are coupled,
(L=5) ® additionally to the LJ potential,
.:/_, VeV _ by the “FENE” potential

end atom ./ \ Veu(r) ==Cln [1 - (r/Rep)?].

\./. 2
o-0-% o

movies for L=5, v.=0.25, At=1

fixed @=@—0—0—0—0 &"é«"}'ff;ff"//’ .................................. '*3’} i
A e L
totally glued; exactly two layers (M=20) head-glued; exactly two layers (M=58)
Y A R S s e
D D S S LT S S e %/ﬁ&"fﬁfr’f’ﬂﬂféﬁff.‘ﬁfﬁfm

............................................................................................................................

totally glued; 10% < than 2 layers (M=18) head-glued; 22% less than 2 layers (M=45)
O.M. Braun, N. Manini, E. Tosatti, Phys. Rev. B 78 (2008) 195402



V.3b. Chain molecules: Experiment
CTM-300paxeHHsA NNiBOK HA PpeKOHCTpyWoBaHik noBepxHi Au(111)

n-oktaHTion (CsHisSH) n-oktaHoBa Kucrnota (CsHi602)

F A fii i o
B (V3xV3)R30°

35%as - -i-‘l;;;- C
\/ PR R | on O ) )

- - .
=04u4,V=0,68

5%5 mat’, I,

stronger
bond

u=0.24



185 6.Q0Q.7E75 s mimkononioni crpyxrypu (3x3)R30°
+—0 0000000 IIPOMOTYIL0BaHI HAJACTPYKTYPOIO (4 X 2)

V.3a. Chain molecules: Experiment
friction coefficient (levitation method)

A
Mosekynu N-OKTaHTIONy 1 N-OKTaHOBOI1
2,4 A C(C{ kuciotv Ha Au(111) popmyrots moaioHi

(V3x+/3) R30° (4x2)

He3Bakarouu Ha CHIBOAIHHS CTPYKTYD,

Koe(ilieHTH TepTs JJIs1 MOHOIIIapiB
% N-OKTaHTIOJIY 1 N-OKTAHOBO1 KMCIOTH

BiIpi3HAITHCS B ~3 pa3u

3HauyHa BIAMIHHICTH KOS(IIIEHTIB TEPTS

MMOSICHIOETHCS ORI CUJIBHOK B3a€EMOJIIEIO

SH-rpym 3 noBepxaero Au(111),

/ \ 1110 3a0e3Mnevye MTICHICTh MOHOIIIAPIB
WW N-OKTaHTIONy B MPOLIECI KOB3aHHS
|

Au(111) -

MouJiekyan



V.4. Liquid lubricant: Fullerenes

Hrolling | Hsliding ~ 1072 + 107

Question: may a rolling friction work at a microscopic scale? i.e., may a
ball-shape molecules (C,, — fullerenes) work as a “molecular bearing”?

_

G A

ﬁ%@%%%%%%%%%

/
L circular
atoms (1=6)__ " Vit Voo
u>0.15

Vyive= 1: Stick-slip; stick due to jamming

O.M.Braun, Phys. Rev. Lett. 95 (2005) 126104






V.5. Micro rolling — cogwheel model
external radius R*=R,_+h

the chord distance
between the cogs
R”*:ZR*Sln(TC/L) R"*

perfect rollin is expected at
R, *=R,/n, n=1,2,...; assume: h = SR

R
- —1 +—siﬂ[ ]
*primitive radius R,

L=13, R/R,~=1.37, v,=0.0003, x=2.3-10~: perfect rolling

¢ & & & & & & & & & & & & & & & & & »

¢ & & & & & B & & & & B & & & » = » B

Rolling friction of spherical lubricant molecules may be effective
(«=0.01 or even 0.0001) if:
» cogwheel ingraining between fullerene and substrate
> the substrates are rigid (to reduce deformation losses)
> there are no jams (concentration 6 < 0.3)
O.M.Braun & E.Tosatti, Phil. Mag. Lett. 88 (2008) 509




VI.1. Nonhomogeneous frictional interface: P_(x)

dry friction: contact dry or lubricated friction: lubricated friction:
of rough surfaces contact of poly- Lifshitz-Sl6zov
(fractal — self-affine) crystalline substrates coalescence

“ \\ix __Jﬂ- - i L
iy -\V\\ﬁ;\ M,{:I s
'Y W W
‘ \\_/I =72 “\"l""\r\
|
06 | I L A BN BB B —.'F'I
L —elastic [l
[ plastic SRR, jl |‘
0.10 b ] 1O} =1

e
P (x)
s
P (x)
i

Y . ~ t L : PN
Il,l' {1 S S R R i + 1 E. ! e \ _F//"". \‘\\
f 00 05 TRRNE 2 LL ] ool o N
] A R RIS R R e — - ] 3 10
00 05 10 15 20 25 0 5 10 3
X
X

O.M. Braun & M. Peyrard; O.M. Braun & N. Manini



VI.2. The earthquakelike (EQ) model

- .- P.(x.) — probability distribution of
—. _ s § the thresholds X = f.i/k;

at which the contacts break

| Q(x;X) — distribution
- of the stretchings X; when the top
substrate is at a position X

As the top stage moves, the surface stress at any junction increases, f;(t)=k;x;(t),
where Xi(t) is the shift of the i-th junction from its unstressed position.
Assingle junction is pinned whilst f;(t)<fg, where f; is the static friction threshold for it.

si’ Si
When the force reaches fsi, a rapid local slip takes place, during which the local stress drops.

Then the junction is pinned again, and the whole process repeats itself.

Numerics: cellular automaton algorithm

O.M. Braun & M. Peyrard



VI.3. The master equation (ME) approach

Q(x;X) - the distribution of the stretchings x; when the bottom of the slider is at X.
P.(X,) - probability distribution of values of the thresholds x; at which contacts break.
R(x) - probability distribution of values of the displacements x for “newborn” contacts.

Consider a small displacement AX >0 of the bottom of the solid block.
It induces a variation of the stretching x; of the asperities which has the same value AX.
The displacement X leads to three kinds of changes in the distribution Q(x;X):

Q(z; X + AX) =Q(z — AX; X) — AQ—(z; X) + AQ+(z; X)

the first term is just the ue to the global increase of the stretching;

(2) some contacts bre use the stretching excee e maximum that they can stand:
AQ_(z;X) = P(2) AX Q(&; X), — P(z) = Po() / 7 dEPu(€)

(3) those broken contacts form again after a slip; the number of contacts
to be broken =N_P.(x)AX the number of still

AQ_|_($; X) = R(:U) ffooo df AQ_ (g, X) unbroken contacts (/N.)
Finally, with AX—0 we get the integro-differential equation:

0Q(X) | 99=X) | p(z) Q(x; X) = R(x) [*°_dé P(£) Q(&; X)




Vl1.4. Solution:

1n§ (a)
PRS- N
lﬂ é_ : = """'.-..'.. —= =
20F G s =1
a0k = ¥
10} = ——
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
X X
1.0 — o —
< b ] = (d) |
= W\J‘MWM""'"“"'"'" ,,,,,, | = |
0-3 Bt 0.5 I
0.0 ' : : : : ! 0.0 : . : . L : . . \ !
0 50 100 0 50 \100
X X
smooth
sliding !

» Steady-state: analytical solution
» Aging of the contacts + nonrigid substrates: stick-slip to smooth sliding transition
» Temperature effects; dependence on the sliding velocity

O.M.Braun & M.Peyrard, Phys. Rev. Lett. 100 (2008) 125501



VI1.6. Stick-slip vs smooth sliding

low velocity &/or soft system high velocity &/or stiff system
F (a} stick-slip motion F {  b)smooth dliding smooth sliding
Fs o 5y
by
2l A AR / stick-slip
0 time time Y pring
K < K*: stick-slip K > K*: smooth sliding

smooth sliding:

f(v) increases at small v
due to temperature

f (v) decreases at large v
due to aging

O.M. Braun & M. Peyrard



VI.5. Elastic instability

The force at the substrate/lubricant interface
F =K(X4— X) (*) must be equal to

the force F'(X) from friction contacts.

When X,; and X increase, the substrate
remains stationary as long as dXz/dX > 0.

dXy/dX =0,or F/(X)=dF(X)/dX = —-K (**) - —

just defines the maximal displacement X,, which

the contacts can sustain; a larger displacement

will brake all the contacts simultaneously, K*=—max F'(X) = Nk (f—f,) /Af,

and at this moment all contacts will reform.

OR: ' N K K

The total potential energy of the sliding
interface plus the elastic substrate is

V(X) = fOX dX/ F(X/) + %K(X . Xd)2; g1
then Eq.(*) « V/(X) = 0;

it is stable if V(X)) > 0, so that g |
the unstable displacement is defined by = 5. /\/\/w

O.M. Braun & M. Peyrard X, X

dF (X)/dx
\R

|

\




The law of interaction

(@)

PylinyBaHHs 001aCTi 3CyBY Ha
MOBEPXHI PO3ILTY

VIl.1. Interaction between contacts

\
NN

&'&v:x
1111‘\ =r ’ \
L3

1"&.“1

\\

NI

€

777

3MiHa HaIlpyKEHHS Ha KOHTAKTaX MpH
PYHMHYBAaHHI LIEHTPAJIBHOTO CTPUKHS

i L. = - i =3
— — — i e
- —p- —_—— =
— il — — -
- - m— - - -

O.M. Braun & D.V. Stryzheus



VIl.2. Interaction: Method

MoaenbHy CUCTeMy B MaTPUYHOMY BUNSA4I MOXHa onucaTu
3a J0MNOMOIroK PIBHAHHA:

oF =BoK(1- GBK U,

ne B=(1+KG)™,

oF — 3MiHa cunu;

K — giaroHanbHa matpuug 3cys,

oK — 3MiHa mMaTpuLi 3cyBY;

U, — BM3Ha4yae HanpyXeHHA B NOYaTKOBOMY CTaHi

G — npyxHun TeH3op [piHa Ana HaniBHECKIHYEHHOI
I30TPOMHOI NigKnagku.

Po3paxyHkoBa cuctema: knactep 1 HAH
PeLwuiTka: 89x89

Po3mMmip po3paxyHKoBUX MaTpuub: 8,559%8,559
O6'em onepauinHol nam'ari: 15176

Yac ooHOro po3paxyHky: 91,890 cek = 26 rognH



VII.3. Interaction: Results

y, = k/ (Ea)
Yo =T,/ a
Elastic correlation length: 4. =a (Ea / k)
r<i. of(ry~r-t r>A. of(r) ~r-3
rigid slider deformable slider
MF solitonic wave

C. Caroli & Ph. Nozieres, Eur. Phys. J. B 4 (1998) 233
O.M. Braun, M. Peyrard, D.V. Stryzheus, E. Tosatti, Tribology Letters (2012)



VIII.1. Self-healing crack

(a) Fracture

shear

mode IT crack

(b) Friction
load
[

—————p driving +

self-healing crack

lubricated interface

(c) EQ model

(e) The model
—_—

relaxed stressed

AT




chain's atom (arbitrary units)

VIII.2. Self-healing crack: solitary wave

Idea: domino effect 1D model: sawtooth interaction

3000

T T | B B | B — T
2500 '
2000 | .
w1500 J
= i ]
1000 f 3
500 [ ]
{] [ 1 M 1 L x 1 " M 1 L i 1 N 1 1 n
5000 10000 15000 20000 25000 20000
time
(b) 09 n
g=125 ™~ os DONID |-
07 LR RRRE
- 3|t "1 PR
v V()
t | s
b {HHHMIS —1 2 -4 % .:‘
‘, sRERRRE
LANWIE-4
SAKNIE-4 -
TANNIE-2 u_mw-.-.l L L I BT R B |
— 22700 22800
LONUE-2 tme
aamism 10000 20000 30000
- 11111 UNT tin‘le

{LAKIEANK

3.95 4.00 4.05 4.10

time (arbitrary units)



VIII.3. Self-healing crack: FK

mil; + mni; — g(uir + ui—1 — 2u;) + Fs(w;) + Ku; = f(t) = Kvgt
Define the function F(u) = Fy(u) + Ku — f
Boundary conditions: right part is unrelaxed, ug = f/(k + K)
left is relaxed, ur, = (f + kuc)/(k + K) 0.04
Continuum approximation (i — = = ia):
mnug — 62 qUge + F(u) =0, F(u)|zote =0
Look for a solution in the form of a wave of stationary profile 0.02

0.03

(the solitary wave) u(z,t) = u(z — vt) = -

Solution: fmin = (%k + K) Uey fmax = (k + K)u, “ :
Kink velocity as a function of the driving force: at low velocities 0.00 el s tonss s bl 10

Pl i

4 |g(, K - (b) g =25

v"’(f_fmin)/mknv mk_m/u_c\/E <1+?> (13_1(}:- -
at high velocities > 0.05 = " :
ng(fmax_f) 00 ket e b 1 ]

~ 1 2) 060 065 070 075 080 085 090 095

’ CO/\/ T Tk k+ K)ue 2

/

O.M. Braun & M. Peyrard, Phys.Rev. E 85 (2012) 026111



IX. Onset of sliding: Precursors

F:

00 m wm| m [l m x&m&fl m
S$saf £83 SEef  SgEE
P rrrrrrrrrrr i rrrrrrrrrrri

1200
1000
800
600
400
200

(a) loading curve
F ()

(c) distribution of
fraction of TR T T
attached contacts ks
as a function of rE =
the block number j
and time t.
The regions with
attached contacts =
blue color,
detached = red color.

10 20 30 40 50 60 10 20 30 40
Block numer Block numer

Bars set up a correspondence between
the colors and the force in Newton (b)

and the fraction of detached contacts in % (c, d).

(b) distribution of

elastic forces in the slider

as a function of
the block number j
and time t.
The unstressed and
stressed regions are
displayed by blue
and red colors.

(d) enlarged view
of the fast detachment
front from (c)
showing an excitation
of a secondary
Rayleigh front
by the slow fronts

experiment: S.M. Rubinstein, G. Cohen & J. Fineberg, Nature 430 (2004) 1005; prl 98, 226103 (2007)
simulation: O.M. Braun, I. Barel & M. Urbakh, Phys. Rev. Lett. 103 (2009) 194301



shock size / main shock size

X. Real earthquakes

empirical laws

Gutenberg-Richter:

N(M) ~ 10-°M
Omori: n(t) = K/ (c + t)p

05F o o
o O PR S
00 o O
0.4 F R
F foreshocks aftershocks
03 F —— Omori law: Omori law:
E s()=(1+] [/0.004)" s()=(1+ /0.007)

l shock =
1

-0.15 -0.10 -0.05 0.00 0.05 0.10

(time relative the main shock)

P(M)

O.SllIIlfOlII.lfSII:l‘IZTdII:IIZ.S
M
foreshocks:

- silence (if top driven)
- precursors (if pushed)

aftershocks: Omori law



Conclusion

« MD model: Langevin equation with #(r,v)
e MD results: V,, — soft vs hard lubricant
» soft (traditional) — LoLS, may be melting/freezing
» hard — remain in the solid state during slips
e MD results:
» crystalline lubricant — perfect sliding (superlubricity)
» “amorphous” lubricant structure — high friction

» liquid lubricant — intermediate friction (« ~0.1)
» Optimal parameters — self-ordering of the lubricant (superlubricity)
* Role of lubricant molecule shape (linear / spherical; additives)
* Microscopic stick-slip to smooth sliding — high V. ~ 10 m/s

e Macroscopic stick-slip to smooth sliding — EQ model
e Friction on a mesoscale: the master equation approach



Summary

The complex problem of behavior of the tribological system is split into two
Independent subproblems: (1) dynamics of the friction contact, if the distribution

of static thresholds P(x) is known, and (11) to find this distribution for a given
system (a separate problem for MD)

Interaction: elastic correlation length 1= a?E / k
Far zone — collective modes (solitary waves)

Problems & perspectives

« Control/modify friction:
» chemical methods (additives)
» artificial (meta)-materials
» external vibrations

» Water-based lubricants

* Nanomanipulations at interfaces

» Molecular bearings

more info: http://www.iop.Kiev.ua/~obraun
O.M.Braun & A.G.Naumovets, Surf. Sci. Reports 60 (2006) 79-158
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