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e Amonton, 1699 - classic laws of friction: u= (Force to slide)/Load

e FHuler, ca. 1750, and Coulomb, ca. 1780

u = F/Mg = tan0

e Leslie, 1804 (pointed out that the Euler/Coulomb mechanism
results in no energy dissipation)
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Basic Tomlinson model (1929)

a - 1n equilibrium

b - lattice sheared

c - strain energy dissipated as surfaces
jump to new equilibrium position
(vibrations of released atoms lost as
phonons - heat up lattice) - related to
adhesion hysteresis
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Under strong compressions, or at asperities, the situation
1s less straightforward (e.g. plastic flow)

Asperity contact
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Liquids, such as oils - viscous dissipation in hydrodynamic lubrication

v= (dx/ds)

>

D! <« Viscosity n

Area A

Shear stress = (friction force)/area = ¢ = nv/D

(dx/dn)
D

dx

AE =f77eﬁ

VISCOUus

(assumes no slip of liquid at surface)



So what 1s the ‘new paradigm’?

It 1s the realization that, in contrast to classic
mechanisms involving oils or boundary lubricants, water
can provide remarkable lubrication between molecules
or surfaces, due to its dipolar nature and orientational
entropy properties.
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liquids confined down to

subnanometer levels

® Mechanical properties of
vs. confined water

® Confined ‘simple’ liquids
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® Hydration layers:
confinement

® Some implications
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Forces F(D) between mica sheets are measured directly

——

Crossed-cylindrical
lenses
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Optical interference, L_/
+1A

Air-gap capacitor, +2A

Nature 352,143 (1991) Sensitivity and resolution in shear
Nature 370, 634 (1994) and normal stress 1s ca. 5-10,000-fold
Science 269, 816 (1995) that of tipped AFM, STM

J. Chem. Phys. 108, 6996 (1998)






D & AD to £1-2A Ax o + 2A

Air gap capacitor
Stepper motor
(=1um)
+
differential spring

White light
J. Phys. Chem. B Sensitivity and resolution in shear and normal

105, 8125 (2001) stress is ca. 5-10,000-fold that of tipped AFM, STM



e Confined ‘simple’ liquids vs. confined water



Force profile of OMCTS

Organic liquids become solid-like ,
under confinement ol " %” s 8T
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What happens 1n the case ot
confined water?

Raviv, Laurat, JK, Nature, 413, 51-54 (2001); Raviv, Perkin,Laurat,
JK et al, Langmuir 20, 5322-5332 (2004); Goldberg, JK et al. PCCP
10, (32),4939-4945 (2008); Perkin et al., Langmuir 22, 6142-6152
(2006) & Faraday Disc., 141, 399 (2009);



Raviv, Laurat & JK, Nature 413,51-54 (2001)

Raviv, Perkin, Laurat & JK Langmuir 20, 5322-5332 (2004)
Perkin, Chai, Kampf, JK et al Langmuir 22,6142-6152, (2006)
Range of
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For non-associating liquids For water

Increase in P or p*

Increase in P or p — melting, 1.e suppresses
— solidification tendency for solidification
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E.A.Jagla, Phys. Rev. Lett. 88, 245504 (2002); Chandross & Grest 2009
Leng & Cummings, Phys. Rev. Lett., 94,026101 (2005); JCP 124,074711 (2006)
K. Gubbins et al. JPCM (2006) [*due to configurational entropy constraints]



Interactions between mica surfaces in
aqueous media at high salt concentrations

At high salt concentrations negatively-charged mica surface
sites are compensated mainly by (trapped) salt ions, {° M;:,
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¢ MT o MY 0 MT ) lost to solution
NS e &

Hydrated ‘M—l-) very reluctant to shed their
hydration sheaths - so do not readily condense

—  Dominance of hydration repulsion at D < nm’s
(JK et al., JPCM 16, S5437-S5448, (2004))
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Raviv & JK, Science 2002



|AX;=200nm D=9.64 um
b
|AF =5 N D =1.940.3 nm
c iy
D=1.0+0.3 nm
d
D=0.840.3 nm
e
1s

| Raviv & JK, Science, 297, 1540-3 (2002) | ,




b

d

L AXqy = 200 nm

LiNO3 D=1.8£0.5 nmLAF =10 N

NaNO3 D=0.72£0.5 nm

KNO3 D=1+0.5 nm

1 sec

Chai, JK et al.,
Langmuir 24,
1570-1576 (2008)

(but note Cs+
behaves very
differently, see
Goldberg, Kampf,
JK et al., PCCP
10, 4939, (2008) )

For multivalent
ions see Perkin,
Goldberg, Kampf,
JK et al., Faraday
Discussions 141,
399 (2009)



v, up to 1200 nm/sec, v up to 1500 sec’
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Raviv & JK, Science, 297, 1540-3 (2002)
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k., ranges between
ca. 102 sec! (i.e. 7
~ 1 ns) for the
alkali metal ions and
ca. 10~ sec! (i.e. <
~ 1 day) for Cr3+

Ion  AGy,
/erdn. H,0
Large (kJ/mol)
dehydration
energies Cst -35
Na+ -81
Ni>+ -345
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é § | L (unperturbed
brush height)
..

Polymer brushes can reduce friction 1000-fold

(polystyrene in toluene) (L/s)=7-8

(JK et al., Nature 370, 634 (1994))
(Tadmor, JK, et al. Phys. Rev. Lett. 91, 115503 (2003);

Tsarkova, JK et al., Macromolecules, 40, 2539-2547 (2007));
Eiser and JK, Macromolecules, 40, 8455-8463 (December 2007))



For compressed, overlapping brushes

/M(Z- 5) J.K., Annual Rev. Material Sci
26, 581 (1996)
egs. (17) - (22)

Repulsive potential
of existing brush

>
L Z
R? 13 Witten et al, 1990
=d = —(2 , 1.e. do L o« D™ Wijmans et al, 1994
L Grest, 1999
S Sokoloff, 2006

d=interpenetration

E. Eiser & JK
Macromolecules, 40, 8455-8463 (2007)
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Qe % T L. Tsarkova &JK

Macromolecules, 40, 2539-2547 (2007)
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Shear forces
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(JK et al., Nature 370, 634 (1994))




JK, Science 323 47 (2009)

Ligament and hip joint capsule

' Articular cartilage

Synovial membrane

Synovial fluid

Femoral head
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Aggregate

Free aggrecan PRG4 SZ network
HA backbone monomer proteoglycan filament
-
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(a) Aserecan (b) (c) (d)
4 Brush
-like
phase
SZ
~200 om (J.K., Proc. Inst. Mech.

Eng.:J, 220, 691-710,
«ssenemm Superficial-zone(SZ)/synovial-cavity interface December 20006)



D=49 9+0.3nm IAF :O.2L1N

[AF=50HN
i 11nm
C MWMWWMWWWWW\»MMM l
D=11.0+£0.3nm
Meff — O 0006

D=5.840.3nm D=1.9+0.3nm |2 sec.

Raviv, JK et al., Nature, 425, 163-165, (2003); Langmuir 2008
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Nature, 425, 163-165, (2003)
Langmuir, 24, 8678-8687 (2008)




But there 1s a small problem...



D=49.9+0.3nm IAF =0.2uN

[AF=50HN
3 ] Inm
D=11.0£0.3nm
W.¢ = 0.0006

(P~0.3 MPa)
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D=5.8£03nm D=1 9+03nm 2se¢, [0 2 4 Hz

Raviv, JK et al., Nature, 425, 163-165, (2003); Langmuir, 2008




Meng Chen, Hagai Cohen, Wuge Briscoe,
Steven Armes (Sheffield), JK
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Macro-initiator

Chen, JK et al, ChemPhysChem, 8, 1303-1306 (2007)
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headgroups at
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surface (Ishihara)



Meng Chen, Hagai Cohen 2-Methacryloyloxyethyl phosphorylcholine
Wuge Briscoe

Very highly
Steven Armes (Sheffield) hydrated - ca.
17 -21 water
molecules/
monomer
(Ishihara)
:n m
o) o)
0 o)
N~ Q
CH, fo
H3CBr CH, \:
v High brush
density
(L/s) = 15

Chen, JK et al, ChemPhysChem, 8, 1303-1306 (2007)
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F /R (mN/m)

100

pMPC brushes at

increasing salt, pure
water to 0.1M
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Lateral
motion

D=285nm |

p=32

D=306nm |
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D=330nm |
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Frictional response with compressed pMPC brushes
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v, up to 1200 nm/sec, v up to 1500 sec? °
ssesec’
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In air or oil, boundary lubrication provided classically (engineering
tribology) by surfactants coating the rubbing surface, so that friction

takes place between surfactant tails, preventing wear of substrate
(Hardy 1922, Bowden & Tabor. 1954)

Characteristic friction rather large: w=ca.0.05-0.1
2 orders of magnitude larger than in mammalian joints

Boundary
lubrication shear

solid substrate

<«— Slip plane

adsorbed surfactant

solid substrate

Wuge Briscoe, JK et al., Nature 444, 191-194 (2006)



Incubate mica surfaces in DDunAB

(DimethyDi-undecane Ammonium Bromide
(C,;Hy»),N*(CH;),Br (Bob Thomas)

Then rinse to remove excess surfactant.

adsorbed surfactant

Wuge Briscoe, JK et al., Nature 444, 191-194 (2006)
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Wuge Briscoe, JK et al., Nature 444, 191-194 (2006)



Wuge Briscoe, JK et al., Nature 444, 191-194 (2006)

Back and forth

lateral motion g

Response in air —

Response under
water

(note factor of x80 in
shear force scale)

e

(No applied load, but ‘equivalent’ mean
normal stress P = 4x10° N/m? = 40 atm)

change of shear direction
w’

slldlng (kinetic friction F;)

CM

' 25Sec Fl1uN

Axy = 1780 nm
v, = 360 nm/s

contact area A = ar®

interference fringe

®.

:

Fringe shift shows swelling
of 2.6+2A per layer on
adding water



Briscoe, Klein et al.
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water

1 10 100 1000 10000
Applied Shear Velocity v, (nm/s)

Friction under water drops to ca. 1% of its air/oil values



Why 1s boundary lubrication under water so much
more efficient than in air?



5000 —————T——
Ay = 20.4 + 2 mJ/m? O
4000 From Johnson-Kendall-Roberts
(JKR):
3000 (-
2000
£ 1000} @ _
< J A. dry air interference fringe
2 0 1 l 'l I 1
<
g 5000 Contact area = nir* = t{(R/K)[L +
£ 2\1/2112/3
S 4000} 6mRy + (12aRyL + (67RY)") "]}
3000 |- L.
Fit gives v.
2000
1000 |- Ay=19.6+2.5 mJ/m’ Adhesion hysteresis 1s Ay =
B. under water _ o)
0k Q J ; ) : e (Yunloading B Yloading) ~ 20+2 mJ/m
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Wuge Briscoe, JK et al., Nature 444, 191-194 (2006)



Briscoe, JK et al. Nature, 444, 191 (2006) negative lattice charge with K*

negative lattice charge with K* mica

OO 0 0 0 0 0

0t 5

T O 000 GG ¢

mica 2 0% 0% 0 0 0 ¢
actant - >

Slip plane S e

Under water, indication is that slip plane shifts to substrate,
while adhesive interface remains at midplane
This is consistent with adhesive forces:

F /molecule = e*/4meex*>> s2y/h = F /molecule

substrate midplane



Evidence for shift of slip plane for surfactant lubrication
under water from midplane to substrate:

v, up to 1200 nm/sec, v up to 1500 sec °
1

a) Magnitude of frictional
stress reduced by > 1 - 2
orders of magnitude
relative to air: suggests

hydration-sheath
lubrication in analogy with

hydrated ions (recall ~2.5A swelling)

b) Adhesion hysteresis i1s 3-4 orders of magnitude too large to
account for frictional stress: suggests midplane adhesion

d) Immersing in water while adhered - results in similar or
lower frictional stress (and similar ~2.5A swelling)

e) Analogous surfactants with less hydrated interface lead to
much hlgher frictional stress Nature, 444,191 (2006)

J. Adhesion, 83,705 (2007)



Summary

Water - by virtue of rapid relaxations and strong dipolar
interactions - can act as remarkable lubricant, via a very
different mechanism to classical systems

Hydrated 1ons can act as molecular ball-bearings

Charged or poly(zwitterionic) macromolecules: steric
(+counterions) + fluid hydration layers

® Boundary lubricants under water slide at hydrated-
headgroup/substrate interface

* Nature 413, 51-54 (2001). * Nature 444, 191 (2006).
* Science 297, 1540 (2002). * Science, 323,47 (2009)
* Nature 425, 163 (2003). * Science, 323, 1698 (2009).



