
H. Peter Jost, Tribology-Origin and Future, Wear, 136 (1990) 1-17 

“Proper attention to tribology.. could lead to economic savings of between 1.3 

and 1.6% of the GNP” based on studies in the U.K., China and numerous 

other countries.  

In today’s dollars, in the US alone, the breakdown of annual savings would be 

$ 92.5 billion savings in maintenance and replacement costs 

$ 42.3 billion savings in losses consequential to breakdown. 

$ 40.2 billion savings in investment through increased machine life. 

$ 11.3 billion savings in reduced energy consumption through lower friction. 

$ 8.6 billion savings in investment due to higher utilization ratios. 

$ 4.0 billion savings in lubricant costs. 

$ 4.0 billion savings through reduction in labor costs. 

(based on 1.4% of a 14.8 trillion GNP) 

 

 

   Myth: Friction and Wear are expensive!! 



H. Peter Jost, Tribology-Origin and Future, Wear, 136 (1990) 1-17 

“Proper attention to tribology.. could lead to economic savings of between 1.3 

and 1.6% of the GNP” based on studies in the U.K., China and numerous 

other countries that were performed several decades ago. 

In today’s dollars, in the US alone, the breakdown of annual savings would be 

$ 92.5 billion savings in maintenance and replacement costs 

$ 42.3 billion savings in losses consequential to breakdown. 

$ 40.2 billion savings in investment through increased machine life. 

$ 11.3 billion savings in reduced energy consumption through lower friction. 

$ 8.6 billion savings in investment due to higher utilization ratios. 

$ 4.0 billion savings in lubricant costs. 

$ 4.0 billion savings through reduction in labor costs. 

(based on 1.4% of a 14.8 trillion GNP) 

 

 

   Myth: Friction and Wear are expensive!!    Truth: We have no clue!!!   National frictional energy 

audits have been not been performed in decades!!! Not since 

the  pre-computer era!!! 



Three lengthscales: Three problems: 

Atomic Scale Engines: Cars and Wheels 

 M. Porto et al.,PRL 84, 1608 (2000) 

 

J. Krim K. Krim 
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Three lengthscales: Three problems: 

Friction, Wear and Heat 

Atomic Scale Engines: Cars and Wheels 

 M. Porto et al.,PRL 84, 1608 (2000) 

 

Fault gouge: room humidity deformed 

dolomite, 

  N. DePaola et al, Geology 39, p 35 (2011)  

 J. Krim K. Krim, YouTube “unpeeled onions” 

Dukefruit1.mpg


http://www.apartmenttherapy.com/boston/hot-tip/hot-tip-led-lights-dont-attract-bugsboston-057562 

Work supported by NSF DMR and AFOSR 

 Physisorbed molecules: How their friction and spreading 

properties impact lubricity.  
 

Jacqueline Krim, North Carolina State University 

 

Special thanks to D. Brenner, D. Irving, B. Behringer, M.T. Dugger, 

B. Dawson, T. Coffey, B.P. Miller and D.A. Hook  



Compared toluene on mica to C60/toluene solution on mica. 

Found that C60 formed 1-2 monolayers on the mica--and these 

adsorbed layers “possess unusually high fluidity and are easily 

disrupted.” 

Found that the viscous response of the fluid near the mica surface 

was completely different for the C60/toluene solution as compared 

to the toluene alone.  The C60 toluene solution exhibited full-slip 

boundary conditions. Does ease of translation  imply it will be a 

good additive to lubricants? 

Toluene alone C60/Toluene Solution 

S.E. Campbell, G. Luengo, V.I. Srdanov, F. Wudl, and J.N. Israelachvili, Nature, 382, 

520-522 (1996). 

   Surface Forces Apparatus Measurements: C60 and “full slip” 
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Scan speed:  500 nm/sec  with silicon nitride 

cantilever 10% C60/Toluene solution. 

50 angstroms 

Toluene on Mica 

C60/Toluene solution on 

Mica: same lattice spacing 

   AFM Measurements: No reduction in friction, Apparent 

lubricant failure, the C60 is “too slippery” 

A Scanning Probe and Quartz Crystal 

Microbalance Study of the Impact of C60 on 

Friction at Solid-liquid Interfaces", T.S. Coffey, M. 

Abdelmaksoud and J. Krim, J. Physics Cond. 

Matt., Special Issue, 13, 4991-4999 (2001)  

See also: C-60 Molecular Bearings and the 

Phenomenon of Nanomapping”, T. Coffey, J. 

Krim, PRL (2006) 



Physisorbed layers can form commensurate, incommensurate and disordered 

solids structures: Their friction is exceptionally sensitive to the underlying lattice 

chemistry and structure. Quasicrystals and amorphous substrates can provide 

very low friction counterface surfaces to slide on…. 



Atomic Scale Engines: 

Cars and Wheels 

 M. Porto et al., 

 PRL 84, 1608 (2000) 



Molecular Shock Absorbers? 

3 Possibilities 

Like your car: 

More damping = less friction  

Any energy dissipated 

increases friction: 

More damping = more friction  

Normal modes don’t matter,  

Only lateral modes matter.  



Mosquito swarm; colored markers courtesy of Sebastian Keuhne  

http://www.sebastienkuehne.com/archive/GetByMonth/7/2009 

Physisorbed molecules, courtesy of Doug Irving &Don Brenner 
Irving DL, Brenner,DW,  (2006) “Diffusion on a self-assembled monolayer:  

Molecular modeling of a bound plus mobile lubricant”. J. Phys. Chem. B 110, 15426-15431  
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1. Examples of  atomic scale friction links to macroscale 

phenomena. 

 

2. QCM Measurements of friction in physisorbed layers 

 

3.  Friction and heating of Nano-asperity contacts in the  

presence and absence of mobile adsorbates 

 

4. Friction of  MicroElectroMechanical Systems (MEMS) 

in the presence and absence of mobile adsorbates 

 

5. Friction of Macro/Mega: Model  “atomic” earthquakes 

in the presence and absence of mobile particles 
 

   Talk Outline 

032210-8.AVI


• (a) On an open surface, both solid and 

liquid films slides are characterized by 

a viscous friction law. (QCM, ``blowoff 

experiments) 

 

• (b) In a confined geometry(SFA, 

AFM?), static friction and stick-slip 

phenomena are ever-present and overall 

friction levels are substantially higher 

for comparable sliding speeds. This 

may arise from a mobile particles’ 

pinning of counterface materials? 

 

•    “realistic contact” is a combination of 

both (a) and (b) 
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   Unconfined films are governed by the viscous 

friction law; asperity contacts are not. 



  Impact of physisorbed films on macroscale friction 

How thin of an adsorbed layer or 
fraction of a layer can provide 

lubrication? 
 

When do adsorbed films increase 
friction? 

“Friction, Force Chains and Falling Fruit ”,  

 Krim and R.P. Behringer,  

Physics Today, 62, pp. 66-67 (Sept. 2009) 
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We measure frequency and amplitude 

change of the QCM.   

Frequency shift is proportional to mass 

uptake: 

2

2 tf

q q
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vf





 

The amplitude is related to the quality 

factor: 
1 1
Q A

   
   
     

  

 

Sometime f can be reduced if there is 

extreme slippage: 

21 ( )
mass

film
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We then calculate a slip time: 

1 4 f
Q


 
 
 
 

  

(Krim and Widom, PRB, v. 38, n.17, 1988) 

   A Quartz Crystal Microbalance (QCM) can probe film mobility. 

Metal film electrode 

Single crystal quartz 
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(Krim and Widom, PRB, v. 38, n.17, 1988) 

   A Quartz Crystal Microbalance (QCM) can probe film mobility. 

Metal film electrode 

Single crystal quartz 
QCM can detect 1/1000 of a monolayer. 

Hedgeland et al, Nature Physics vol. 5, pp561-564 (2009) 

meanwhile have emplyed He scattering techniques to 

measure the frictional properties of individual molecules. 



Copper Pinch-off Tube 

Nanotribology Lab 



   (QCM): Well described by phononic  and electronic wear free 

dissipative mechanisms. 

Atoms vibrate as they slide: more phonons modes and 

 higher phonon frequency with increasing temperature. 

More phonon modes with higher coverage. 

Surface commensurability determines dissipation levels. 



Result: 

Any energy dissipated increases friction: 

More molecular vibration = more friction  



The Good: Phononic Friction 

Sliding layers set off phonon modes in a substrate 

causing energy loss in the form of sound and heat 
 

Nanotribology Lab 



 

  QCM confirmations of phononic friction 

Solid-liquid 

Transition in 

a Kr/Au layer 

Krim, PRL 1991 

Monolayer to 

Bilayer in Xe/Ag 

Daly, PRL 1996 

Slip time versus 

substrate potential  

corrugation 

Coffey, PRL 2006 



System Slip Time

(ns)

Surface

Corrugation (meV)

Substrate Spacing

(nm)

Xenon Spacing

(nm)

Cu(111) 20 1.9 0.255 0.4414

Ag(111) 2.2 0.69 – 2.7 0.236 0.439 – 0.452

Graphene/Ni(111) 1.7 5.3 0.249 0.441

Ni(111) 0.3 14 0.249 0.441

Nanotribology Lab 

Conclusions for phononic friction 

The xenon monolayer slip times for Cu(111), Ni(111), and Graphene/Ni(111) are 

very well fit by the equation:  

h = h + a C2  

Small electronic component 

As expected, both the corrugation and substrate lattice spacing impact the friction, 

however we expected the systems close to a commensurate state to exhibit high 

friction, and they did not. For example, the slip time for the compressed xenon 

monolayer on C60: 5.5 ns  once it started sliding. 



Conduction Electronic contributions to friction 
 

• When an adsorbed  layer slides, conduction electrons in the metal 
substrate are scattered into the surface, exciting electron-hole 
pairs*. We refer to this as a surface effect: It changes gradually at 
the superconducting transition. 

• Friction could also be due  (in part) to resistive dissipation in the 
metal substrate, a bulk effect, which changes abruptly at the 
superconducting transition. 

 

 

See:  B.N.J. Persson, Sliding Friction, Physical Principles and Applications,  

Springer Verlag, 1998. 
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Superconductivity Dependent Friction  
A probe of the surface superconducting properties 

 
• The force of friction experienced by a layer of 

helium atoms sliding on the Pb(111) film  

– Decreases as the substrate enters superconducting 

state on account of a reduction in electronic 

contributions to friction. 

    

Nanotribology Lab 

Normal state Pb Superconducting Pb 

FNormal >FSuperconducting 



Probing the electronic component of friction 

• A thin film of adsorbed atoms is formed on a Pb 

substrate. 

• The system is cooled to just below the superconducting 

transition temperature. 

• f  and (V-1) are monitored as the system warms 

through the transition.  

 

Nanotribology Lab 



Prior results for nitrogen on lead 

• Total Friction abruptly drops by ~half below the 

superconducting transition (Dayo, Alnasrallah, and 

Krim,(DAK) PRL, v.80, n.8, 1998). 

Nanotribology Lab 



Unexpected observation  Highland and Krim, PRL 2006 

Nanotribology Lab 

• The changing magnetic field alters 

the Frictional force. 

– Diamagnetic and  display different 

behaviors 

 
– Lijnis Nelemans, High Field Magnet Laboratory, 

Radboud University Nijmegen 

  No Magnet  Cycled Magnet 

N2/Pb  

(107s-1) 

He/Pb 

(107s-1) 

O2/Pb  
 

N2/Pb 

(107s-1) 

He/Pb  

(107s-1) 

O2/Pb 

ηsc 2.5 0.51 Change 

in 

Friction 

0.084 0.065 Stuck 

Layer 
ηn 5.1 1.3 0.714 1.14 

Diamagnetic frog 

http://upload.wikimedia.org/wikipedia/commons/7/7b/Frog_diamagnetic_levitation.jpg


   Superconductivity-dependent friction “discrepancies” arise from large variations in the phononic friction 

contributions associated with diffrerent surface topologies.  Pierno et al [1] did not have sufficient resolution to detect 

the low electronic friction levels reported in Refs. [2] and [5]. K. Steven and J. Krim, Tribology letters, in prep.  

Pinned Superfluid 

[2] 

[2] 
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All  work in situ and ultra-high vacuum 

= (LFM) – (STM-QCM) = 

 

1. Velocity 

LFM:  1nm/s ~ 10 m/s 

     (10 ~ 105 atoms/s) 

 

STM-QCM: 

    1 cm/s ~ 200 cm/s 

      (107 ~ 109 atoms/s) 

 

2.  Imaging Capability 

STM-QCM:  How does it work? 



500 × 500 nm2 

stationary vibrating 

STM tip 

Tunneling 

current 
Metal electrode 

Quartz 

B. Borovsky, B. L. Mason, and J. Krim, J. Appl. Phys. 88, 4017 (2000) 



Response of QCM to the Indentation 

(1) Solid-solid system: 

 

                 f0        Kac
2 

           Zqae
2      

 

            (f  > 0) 
* From the modified Laschitsch- 

   Johannsmann model (1),(2) 

f = 
 f0: fundamental frequency 

Zq: acoustic impedance of QC 

:   angular frequency 

ae:  radius of the active area 

ac:  radius of the single contact 

K:   effective shear modulus of 

       the interface 

:    characteristic size of the  

       true contact 

F(ae/ac):  sensitivity factor 

q:  density of quartz 

q:  shear modulus of quartz 

(2)  Solid-liquid system: 

 

         - F(ac/ae)f0         g|K|  ac 

           2 sin(/2)      qq   ae 

 

            (f  < 0) 
*Based on the decay length decrease of  

crystal immersed in a viscous fluid(3)(4) 

 

f =    

(1) A. Laschitsch and D. Johannsmann, J. Appl. Phys. 85, 3759 (1999) 

(2) B. Borovsky, J. Krim, S. A. Syed Asif, and K. J. Wahl, J. Appl. Phys. 90, 6391 (2001) 

(3) C. M. Flanigan, M. Desai, and K. R. Shull, Langmuir, 16, 9825 (2000) 

(4) J. Krim, A. Dayo and C. Daly, Atomic Force Microscopy/Scanning Tunneling Microscopy (Plenum, NY, 1994) 



Frequency shifts as a function of electrode velocity amplitude, exhibiting a dependence 

on velocity for the sign of the frequency shift. Inset: Change in amplitude for electrode 

velocity amplitudes from smallest amplitude change to largest, 9, 72, 106, and 162 cm/s. 



Frequency shift versus time as the electrode velocity amplitude is varied. This 

documents the reversible nature of the transition 



 

Transition velocity vs sample temperature. The lines extrapolate to 114  9 C for vt 

¼ 0, which matches the surface melting temperatures of indium. 



• Contact melting occurs when frictional 

heating causes the temperature to 

increase to the surface (not bulk) 

melting point of one of the materials in 

rubbing contact. [1] 

[1] “Tribo-induced Surface Melting at a Sliding 

Asperity Contact”  B.D. Dawson, S. M. Lee, 

and J. Krim, Phys. Rev. Lett. 103, art# 205502 

(2009) 

 

  Nanoasperity friction in the absence of an 

adsorbed layer 



Replenishment parameterized by             And depletion by  

Brenner et al. “Multiscale analysis of liquid lubrication 

trends from industrial machines to MEMS” Langmuir 23 

(2007) 

  Nanoasperity friction in the presence of mobile 

adsorbates. 

Competition between the rate that 

contact depletes the lubricant at a 

contact and the rate at which in can 

be replenished – The windshield 

wiper effect 



200 × 200 nm2 

film 

metal tip 

Abdelmaksoud, M, Lee, SM, Padgett, CW, et al. 

(2006), “STM, QCM, and the Windshield Wiper 

Effect:  A Joint Theoretical-experimental Study of 

Adsorbate Mobility and Lubrication at High 

Sliding Rates,” Langmuir 22 (23), pp. 9606-

9609.  

 

“Multiscale analysis of liquid lubrication trends 

from industrial machines to micro-electrical-

mechanical systems”, D.W. Brenner, D.L. Irving, 

A.I. Kingon, and J. Krim, Langmuir 23, (18): 

9253-9257, (2007)  
 

 

  “Windshield wiper effect” observed:  STM-QCM 



Brenner et al. have explicitly considered surface 

diffusion as  the replenishment mechanism for a range of 

machinery operating over a range of length and time 

scales. 

They concluded that physisorbed organic molecules will 

have proper surface mobility to lubricate MEMS into the 

KHz frequency regime. 

 

“Multiscale analysis of liquid lubrication trends from 

industrial machines to micro-electrical-mechanical 

systems”, D.W. Brenner, D.L. Irving, A.I. Kingon, and J. 

Krim, Langmuir 23, (18): 9253-9257, (2007)  

 

  Nanoasperity friction in the presence of mobile 

adsorbates: implications for MEMS 
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 MEMS Friction Test Device 

100μm 

Capacitive Comb 

Drives 

10 μm 

Hertzian Contact Area = 7x10-14 m2 

Est. Real Area of Contact 2x10-16 m2 

At 500nN, Contact pressure between 

7MPa and 150 MPa  

SAM 

Bound + Mobile 

  MEMS devices with rubbing contacts wear out: How does the mobility of an 

adsorbed layer relate to its ability to lubricate them?  

Images courtesy of M.T.Dugger 



We have bulit a Vacuum system used to release the vapor-phase lubricants: So 

far we have confirmed in vacuum the Kim and colleagues reports of successful 

pentanol lubrication in nitrogen.See  S. H. Kim, D. B. Asay, and M. T. Dugger 

"Nanotribology and MEMS" NanoToday 2007, 2, 22 - 29.  

 

 

http://dx.doi.org/10.1016/S1748-0132(07)70140-8
Pentanol.wmv
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Ethanol/PFTS always slips 

Pentanol/PFTS slips  

for coverages above on monolayer. 

Triflouroethanol/PFTS  

never slips 

  B.P. Miller and J. Krim, J. Low. Temp. Phys., 157 (2009)  

Nanoscale Sliding friction and diffusion coefficients as coverage increases: Note 

that differing lubrication mechanisms are possible 

 



“Spreading Diffusion and its Relation to Sliding Friction in Molecularly Thin Adsorbed Films”, A. Widom and J. Krim, 49, 

4154-4156, (1994); “Sliding friction measurements of molecularly thin ethanol and pentanol films: How friction and 

spreading impact lubricity”, B.P. Miller and J. Krim, J. Low. Temp. Phys., 157 Special issue on Wetting, Spreading, and 

Filling, (Nov. 2009);  Pisov, S, Tosatti, E, Tartaglino, U, Vanossi, A (2007), “Gold Clusters Sliding on Graphite: A Possible 

Quartz Crystal Microbalance Experiment?” J. Phys. Condens. Matt. 19, 303015. 

 

PFTS Si Al 

 

ns 

Ds  

cm2/s 

Di 

cm2/s 

   

 ns 

Ds  

cm2/s 

Di 

cm2/s 

    

 ns 

Ds 

cm2/s 

Di cm2/2 

Pentanol 6 1.2 5x10-5 6 1.1 5x10-5 0 0 0 

Ethanol 4 1.1 4x10-5 8.5 9 1x10-4 0.5 0.1 6x10-6 

TFE 0 0 0 3.5 1.3 2x10-5 0 0 0 

Sufficient mobility exists at the nanoscale for ethanol and pentanol 

 to  diffuse both in the presence and absence of a SAMS layer 

Nanoscale Sliding friction and diffusion coefficients as coverage increases: Note 

that differing lubrication mechanisms are possible 
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  Comparison of slip time data with predicted device longevity [1] 

[1]  B.P. Miller and J. Krim, J. Low. Temp. Phys., 157 (2009) ; D.A. Hook, 

B.P. Miller, B.Vlastakis, M.T. Dugger, and J. Krim, submitted 



From Irving and Brenner 

(a) Single molecule diffusion on a SAMS  

(b) If molecules diffuse into a damaged SAM area, they “fall in and get 

stuck, thus repairing the SAM.  Others just roam around on top of 

the surface. If they form islands, they have much higher diffusion 

coefficients (lower slip times) and are expected to reduce friction 

when attracted into a contacting asperity region.  

(a) 

(b) 

Side-2_54.avi


http://www.pestbegone.net/products/j-3.htm 

  Predicted mechanism for MEMS lubrication: low coverages of mobile 

adsorbates should render devices fully operational and eliminate wear, with little 

impact on the magnitude of the friction coefficient. 
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  So will the pile fall down? Most of us don’t want to know how our 

watches work. We just want to know what time it is. 

Unpeeled onions have low friction (0.2) and form a 
weak base. Peeled onions have high friction (1.2) They 
are difficult to collapse. 

Observation: The surface texture of grains has 

a much higher impact on flow properties than 

one might expect from theory. But before 

running off to genetically engineer the food 

stuffs,  remember what we learned from 

Coulomb: Smooth  and shiny does not 

necessarily imply slippery.  With onions, for 

example  it is quite the opposite…. 

peeledonions.mpg
unpeeledonions.mpg


•Loosely packed grains do not achieve perfect close 
packing with 6 nearest neighbors. 

 
•The systems are nonetheless stable unless Z,  the 

average number of contacts < 3 (for infinite friction) or 
< 4 (zero friction)  

  
•Supporting arches can form when friction is present, so 

in principle more particles can be removed before 
collapse occurs in cases where friction is higher.   

 
•But friction is never zero or infinite in real systems, real 
grains are not perfect circles and whether a system will 

regain stability upon initial collapse depends on 
rotational inertia, shape, etc., so theoretical predicitons 

are difficult. The transition in behavior from 0 to infinite 
friction is nonetheless expected to occur rapidly. 

 
 

Theory of granular stability: 2D circular grains 

Z> 4 Stable 

3<Z< 4: 

Friction  

determines 

stability 

Z<3Unstable 



We probe both extended, multiasperity, and granular contacts with a 2D 

slider experiment that spans “molecules to earthquakes”  Krim, Yu and 

Behringer, PAGEOPH V.168 in press (Dec.1, 2011) 

F
mmm m

F
mmm m

Schematic sketch of a model setup: Courtesy of  M. Urbakh,  
See for example O.M. Braun,  I. Barel and M. Urbakh, PRL, 2009.;  Macroscopic atomic setup? 

C:/Documents and Settings/jkrim/My Documents/Jackietalks/ICSOS/032210-8.AVI


Slider Experiment in the absence of mobile particles: 

2D Photoelastic disks glued into place as a “fixed  

Slider: a 200g metal plate pulled by a 160N/m spring. 

Photoelastic disks allow study of contact forces 

Fault gouge: room humidity deformed dolomite, 

  N. DePaola et al, Geology 39, p 35 (2011)  

032210-12.AVI


Force chains are like atomic bonds 

Sliding along a “perfect” incommensurate interface 



J. Krim, P. Yu and R.P. Behringer, PAGEOPH (Dec.1, 2011); 

See B. Luan and M.O. Robbins, PRL, 93, 036105 (2004) for a  

discussion of whether Eq.(6) applies, For this setup: Yes 

At what speed does stick-slip cross over to to steady sliding occur? 



Slider on “mobile particle” bed: from “molecules to earthquakes” 

Is temperature the same as vibration? 

2D steel top that can be vibrated horizontally by  

applied AC magnetic fields 

032210-8.AVI
032210-18.AVI
032210-20.AVI
032210-7.AVI


Unvibrated “macroscopic monolayer: Solid substrate” 

../../Jackie/Dukedata/dukevideoandphoto/March2010/032210-12.AVI
032210-12.AVI








The effect of packing disorder  on granular friction is similar to the 

effect of vibration (temperature?) induced disorder. [1] 

[1] J. Krim, P. Yu and R.P. Behringer, PAGEOPH (Dec.1, 2011)  



Slider on “mobile particle” bed: from “molecules to earthquakes” 

Is temperature the same as vibration? 

2D steel top that can be vibrated horizontally by  

applied AC magnetic fields 

032210-8.AVI
032210-18.AVI
032210-20.AVI
032210-7.AVI


Three lengthscales: Three problems: 

Friction, Wear and Heat 

Atomic Scale Engines: Cars and Wheels 

 M. Porto et al.,PRL 84, 1608 (2000) 

 

Fault gouge: room humidity deformed 

dolomite, 

  N. DePaola et al, Geology 39, p 35 (2011)  

 

J. Krim K. Krim 

Dukefruit1.mpg


http://www.apartmenttherapy.com/boston/hot-tip/hot-tip-led-lights-dont-attract-bugsboston-057562 

Conclusions 
Friction and wear play an important role in a broad range of energy 

issues: Their economic impact is massive. It is time for an updated 

assessment of the economic impact of friction and wear on our GNP 

as part of our national energy policy.  

 

 

 

 

 

 

 

 

Physisorbed films play an important role in friction and wear at 

many lengths scales: Their impact on emerging nanotechnologies 

is also massive. 
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