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Nanoscale Friction on Crystalline Surfaces ;

Friction Force
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Model R. M. Overney et al., Phys. Rev. Lett.

72, 3546 (1994)
=> observed single molecular jump occurrences below 100 nm/s, and stochastic

multiple jump occurrences above 800 nm/s
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The Eyring Model

“Reaction” rates: ~ Effective Energy Barrier:
k, oc exp| — |; Q ... intrinsic barrier
kT
k oc exp —¢ 91 ; 7 ...shear stress
v kT ¢ ... stress activation
volume
¢
-0 —-pQ+gr
k, ocexp -~ P ¢ ;P ...pressure
kT (2 ... pressure activation
volume

p

T
 ——

Eyring, J. Chem. Phys. 3, 107, (1935).
Eyring, J. Chem. Phys. 4, 283, (1936).
Duckett, Rabinowitz, and Ward, J. Mat. Sci. 5, 909 (1970).
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The Eyring Model: Friction g nigh stress timi)

\

—F
V=V d _
O@W(kT:) . Vs O pQO

— — +
Ea=Q+pQ—T¢ | Vo kT kT

kT

v = velocity; v, = system specific velocity

Fy
F. Eq12— t(p,T.v) P= e Eal13)
r[‘p)}'ﬂr?\ T=606Ilnv +7,
Eq.(3)|| & T, Eq.(9) & ro” T = CZp + TO
, T=—pT+1,
Eq.(4)— Eq.(11) —* Eq.(7) —%
Q f o | | A | KL
0
Eq.(10) —¥ O = a¢
(e
\lJ< ng[}r,er(r)lvlirr?;y igil.’] Eq{1) o Briscoe and Evans,
04502 (2011) NE*® Proc. R. Soc. A. 380, 389 (1982).
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Eyring Analysis of ODPA and opTst

Material: C,; Monolayer of octadecyl-phophonic acid (ODPA) reacted via surface |

hydroxyls on HfO,, supported by Si(100).

Analysis: Using smooth SFM tips with up to
400 nm tip radii.

ODPAE

- ::*—-:mu: :—m - b—au: :—mn: b—m
a a a a

t K. Subhalakshmi, S. K. Biswas et al., HTUq
Trib. Lett., 32, 1 (2008)
. Si(111)

Eyring ODPA ODPA ODTS *
Parameters (R ~20 nm) (R ~400 nm) (R~30nm) Ho—b—c6H
T.K 297 207 295 I
L 41.9 240 46.5 — _

- N E a Q + P Q T¢
A (x10716) m? 2.33 192 5.22 g ———————a
», MPa 180 13 89 R ] I
a (at 1pms) 0.018 0.020 0.042 - B S e e e oo P
#, nm’ 2.10 13.06 4.69 % " L. y ":‘E_
2 nm? (at 1mss) 0.037 0.255 0.1972 5 ™ 2
e) 5616 5116 24 1. A
74, kJ/mol 35 50 14.5395 __ 2
O, kJ/mol 2.8 1.9 10.5824 K}
0O, kJ/mol (eV) | 46.3 (0.48) | 48.3 (0.50) 45.05 (0.47) Knorr, Overney et al.

J. Chem. Phys. 134, 104502

E*, kI/mol (eV) 466 (0.47+0.06) 4515 (0.47+0.05) 41.09 (0.43) (2011)
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Eyring Analysis of PtBA

Material: Poly(tert-butyl acrylate) (PtBA) MW 100k, 200 nm thick spin coated

film on Si(111)

Analysis: Using smooth SFM tips with up to

400 nm tip radii.

Eyring PtBA ODPA

Parameters (T=315K<T) (T =297 K)

E”, kJ/mol (eV) 303 (0.31) 46£6 (0.47£0.06)

0, kJ/mol (eV) 35-43 46-48
(0.36-0.45) (0.48-0.50)

C=/2 7.8 51-56

V., m/s ~0.1 ~ 100

¢ ... dimensionless deformation ratio
V, ... system/process characteristic velocity

Based on Eyring’'s Cage Model:

C ... coupling constant [0,1]
V... jump attempt frequency
b ... jump {barrier }distance

b < 1.5 nm based on IFA for PtBA (T<T))

Q or ¢(nm?d)

] p=99MPa = |
10000 | T ; % 40
) I ------- I'T"I"'I“ -»>-35
1000 1 T T I
1= 4 T i 1 30
1004 * Z Ty 25
i v | =
103 20 §
, i i " N g -_15 =1
]+t * ¢ 14 I [0 =
13 oo o | \ | o o o L 10
* s 0 '5
0.1 ¢ I
] 1 1 ) ] 1 0
290 295 300 305 310 315 320
T(K)

v, reflects the system’s
molecular ability to relax
via the “jump velocity” vb.

as Q =1(v,), v, is critical.

Knorr, Overney et al., J. Chem. Phys. 134, 104502 (2011)
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Eyring Analysis: v,

PtBA In(va) =-12 -8

z(MPa)

ODPA In(va )= 13 -0 -14.25 -8— 15 @

135 = ,-15 ®-

-5.0 v T v T
ODPA ODPA:v_~100m/s sl
4.0 N 1 1 1 1 1 ) o -
a 0.5um/s 404 eS| ol
354 = 1um/s - 75 PtBA:v ~O.1m/S\»<,,,‘
1 o 2umss 30- e o ° =
3.0 - v 5pm/s - - E
| ¢ 10um/s 3,- 20 A0
254 <« 50um/s £ i A
2.0 - —
- >
1.54 - c
1.0 4 -
0.5+ - -
4 -15.0 - T~ - o -
0.0 T T v T v T v T v T .....'.:
290 300 310 320 330 340 e y . E)O . l25 —
T(K) . . ) .
1000/T(K ')

Using the Eyring Analysis, i.e., , e
N9 yring ySIs: | Using Intrinsic Friction

O+ pQ—kTinv, . assuming O» pQ-1@
’ ¢

r=7,+0Inv; ¢

=>» Vv, could be estimated

Analysis (IFA)

=>» large spread in v, (to part unphysical) - bt eletiivivydis oyl
. ., _]~100 m/s for ODPA

v, e[lO‘2 —1017] ' Vo=~ 0.1 mis for PtBA (T<T,)

Knorr, Overney et al. J. Chem. Phys. 134, 104502 (2011)
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Other Shortcomlng of Eyrlng Analysis

Peaks in friction-
velocity curves
lead to unphysical

behavior of

the activation volumes.
Reason: Eyring
analysis lacks intrinsic
relaxation rates.

100 p=r=rrreyr =TT
T7=315K .
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I
et
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@ F(v) Data
—— Eyring
_——— Fr.=F, i De:t—’=L (c)
“1+ De’ . Vv,

Extended Eyring Model
De
F,= [F e

1+ De
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Knorr, Overney et al. J. Chem. Phys. 134, 104502 (2011)
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Time-Temperature Superposition - Intrinsic Friction Analysis

(IFA) Shift Data to form Master Curve: T, = T
A A ®
; .:0 Ty e ..D. - In(ay)
, 09 @, . Qe e o
i“ o Ts i :' o ¥ :ln (?T) :
Fr : ° | T2 Fe o X '.0 o :
. 00g% T L L ee®
e0® &7 © o 1 ged o ®
'In{a
] > [ , I : . { T)' J >
A Inv In v*a;
In (a) AF £
O frreeemmrere e, . Q e .. ..................................
N |
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[ E AF o TAS* »
o expl —
a,; o€ exp T @
> >

1/T  Knorr, et al., Ultramicroscopy, 991, 109 (2009) T




Rubber Friction

Adhesive-Viscoelastic Concept of Friction

Spherical slider on amorphous polymer rubber melt
(Ludema and Tabor, Wear 9, 329 (1966))

shear strength, s

Acrylonitrile Butadiene for T> T,

Solid behavior: s ~ const. ¢

Short contact time

— “soft” contact

™ ‘xﬂ Large contact

', time — “glass-
| \ like” contact
Axg

-8 -6 -4 -2 O'2 4 & B 10
Logy sliding speed (Cmisec)
|

"'[nl'l‘.‘-i‘.rnr:,.' units)
Contact Area, A

5
L=
KE

Adhesive model: F=Axs
A ... contact area, A « E?3
S ... shear strength,
(a high frequency process in thin film)

F ... Friction

v*/v,~ 5-10 nm (molecular segment)

v, frequency corresponding to
visco-elastic loss peak.

A

Conclusion of Ludema and Tabor, (also K.A. Grosch., Proc. R. Soc., London (1963) 274, 21):

Rubber friction is a combination force involving surface and bulk effects. The
“bulk effects” involve chain segmental slips during the sliding process.

-> Molecular Deformation Concept (Intrinsic Friction Concept)
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Nanoscopic Analysis of the Glass Forming Process

| Comblned with dielectric spectroscopy,

Intrinsic Friction Analysis (IFM) | the friction analysis provides the

Energetics | temperature resolved length scale of
|+'n<ar>+| : cooperative motion. The cooperation
Cooperativity | lengths X, compare qualitatively well

& N vy, oy  with predictions based on MD

L | simulations and previous time-based
i ' . experiments using model assumptions
| to deduce length scale information.

In(v) = e e e e e e e e e e e e e e e e e e e e
: LONG-RANGE
Diel F icti i [ i —7 coupLing  \'sher
ielectric Frequency  Friction Velocity Clusters)
Spectrum Spectrum 1ok
“l —| b 7 e Xd - é:“ :_(x
f : k i = - I MONOMER
' ',, " 1 © I
fFioa = | L :i % < LENGTH
e ' ] - OL F
el : L i IA\ > )(d — E ¢1 SC/TLE
i 7 I I -
.:_.,il | v; I *\ Va ~. 4.5..."1.2.nm.
:- I 7 | M MW: 96.5Kk, Rg ~8nm
gy 1 O
:u?.’.'. | Iia: i 5 .Va‘ ' T—Tg
g |rmcdia] 3.0 I-1.‘01[n y 10 } R TC _T

S.E. Sills, ... R.M. Overney, Chem. Phys. Lett. 123, 134902, (2005)
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IFA on PIBA: 1
Poly(tert-butyl acrylate) El A
0.0 17 R
’ - 5 - Inli.r‘a,]
215 : . : I : Illr : I ] v M I ;' v v v v I
00] "o iFadma PP 01 BRa0g ° l
- - WLF Fit ‘;‘ ] 1 lgo0 °
2.5+ o | E;=031eV o | %o !
50 Ea(T)=[1.6-5.7eV]? —_ - l QOQ -
-5.0+ - Z  -10- | -
w75l 0?? T I 4 £ ' Ty =44°C
— ] “ g ] W -15- I -
£ 100 ,?’. 1 % . . ,
. @Q“iﬁf B-relaxation -20+ : ®» o -
| (side-chain . , P
1801 rotation) . |
-17.8 +4—r—ay——a-—r-v—vr—"r—-vrir———a——r 30 4—-—svr—sv—vtr—v—r————
26 27 28 29 30 31 13-2 33 34 20 30 40 50 60 70 80 90 100
1000/ 7 (K”) 7(°C)

Encinar et al. This work

- C, (T T, ) T, (K) 315.4 314.4

log,,a, =
10 %71 C, 10.8 10
C,+ (T —1, ) C, 453 40.2

0
Knorr, Overney et al. J. Chem. Phys. 134, 104502 (2011) Encinar et al., Polymer, 5650 49 (2008)

Williams-Landel-Ferry:
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IFA and Eyring Analysis

£ stress ratio

IFA and Eyring ODPA PIBA
Parameters (T=2978) ™7 =315k < T, T>T,
AH* kJ/mol 4815 354 54-75
TAS*, kd/mol ~0 ~0 100 — 490
E  =AH+TAS, kJ/mol 48+5 35+4 ~150 - 550
v,, m/s (characteristic velocity) ~100 ~0.1
v, m/s (peak velocity at T=T) 0.1 nm/s
0, kJ/mol (eV) 46-48 35-43 -
(0.48-0.50) (0.36-0.45)
E*=0+p0Q-7¢, kd/mol (eV) 4616 30+3 -
(0.47+0.06) (0.31)
51-56 7.8

= E_= Q ... (enthalpic) activation barrier

E* ... effective barrier (contains also stress effects)

Knorr, Overney et al. J. Chem. Phys. 134, 104502 (2011)




Coupling with Thermally Active Modes
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Slider 1D motion couples with thermally
available mode(s) in sample

-> Energy Dissipative Process

m D Thermally active modes

SIDE View (rotational , translational, vibrational)




R.M. Overney University of Washington

Frictional Dissipation: Load Distinctive Modes

4.0 PR I N S RSN RSN NS W T
: 1 > Tonms - F*(v) - — FXT)
Material: 3.5- ® 1nmls -
Atactic polystyrene (PS) 10]Z v 0.1nmis
( M,,=95.5k, Mw/Mn=1.05) . '_52-5- -
2.5{% i
La_lteral Force —r) 0_‘ 00 i
Microscopy % .
= 1.51 snhap -
e L 1 out = T=309.9K
dio I Piezoelectric 1.0 4 0|LI v T=3305K F
phot? Scanner - . 2
£ | '~ 0 T=351.0K
3 + i I s -
E_ FAri:t:on 0.0+ l L*;/ \L*z v=0.1 nm/s =
' ——r—Tr T
. -6 14 12 10 -8 6 -4 -2 0
Cantilever
L [nN]
280 nm! e atactic

polystyrene
( M,,=95.5k, Mw/Mn=1.05)

What is the origin for the kink in
F(L) isotherms of PSat L =L*?

Knorr, Gray and Overney, J. Chem. Phys., 129, 074504 (2008).
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Superposition Principle: Intrinsic Friction Analysis (IFA)

L <L*(T<T))
g S. Sills and R.M. Overney, (2003), Phys. Rev. Lett. 91(9), 095501, 2003.

300 K ' '
310K
320 K
330 K
340 K
350 K

Ffolystyreng
PRGN AU H H

C—¢C

eD>EODPLOG®

F[nN]

In (v[nm/s])

W 3099K e 318.1K
3264K O 334.6K
054 ¢ 3428k x 351.0K

e
HE

; l Side Chain
’ 1Eal=8'2 kcal/mol} - .
’ o | v- Relaxation
0
1 0.36 eV} -
2.8 3.0 3.2
1000/T [K]
0'1 T ] ) ) ] v ] v T
3 4 5 6 7 8 9

In (a, * v [nm/s]) Knorr, Gray and Overney, J. Chem. Phys., 129, 074504 (2008).
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Superposition Principle: Intrinsic Friction Analysis (IFA)

g
18 T v T T v T v T v T T
B 309.9K ® 318.1K 326.4K Backbone
1 © 3346K ¢ 3428K X 351.0K 0
" | B -relaxation

z T>T,: n
= E. =21.7kcallmol | | -e®
w ' ° .
N 12- 0 .
N -2
" | #osaev

104 28 3.0 3.2 3.4

_ _ 1000/T [K]
i 4 5 6 71 8 9
In (a_* v [nm/s])
T
Knorr, Gray and Overney, J. Chem. Phys., 129, 074504 (2008).
Above Tg .,
o 377K 12
o 380 K -0
S -

2 g E ek E

5 A 3

= wolim ¥ ) <E>=535eV

= ® 420K —

W i Y 24 25 26 N

Lf 100 OA.;’E %%@ 1000/ T (K) | .

W %Or e A ?EO S.E. Sills, T. Gray,
L% B Bybonz © 00 R.M. Overney,
7oL m Chem. Phys. Lett.

8 1I0 1I2 1I4 1I6 1I8 2I0 1239 1349029

In[a,*v(nm/s)] (2005).




Tribology: Molecular Dissipation Mechanisms

Laser 4.0 -50' —
goe [ Pizocteic o I A A
_ phot0 Scanner 1— |v o1nmis
-(CQU_ I MoD. 3'0'52-5' : i
g ‘-I—' 2.5{'% -
o 7 4
= Friction = 20{ 0ol S "
= 154 snap -
Cantilever (T} 1 out = T=309.9K }
1.04 7 v T,=330.5K [
: 1 o T,=351.0K
280 nm:' SAMPLE atactic 0.5-, | o i
polystyrene 0.04 ! L7 "L, v=oinmis [
( M,,=95.5k, Mw/Mn=1.05) —————————T
NS A6 14 42 -0 8 6 412 0

 D. A. Fischer, et al.,
. Appl. Surf. Sci. 133,
. 58 (1998).

'Phenyl loading capacity: (9.9 1 kcal/mol)
y g P y ( (0.4 eV) ) ' Knorr, Gray and Overney, J. Chem. Phys., 129, 074504 (2008)
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