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Understanding and illustrating the atomic origins of friction
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(Received 10 September 2003; accepted 5 March 2004

Recent advances in the understanding of the atomic origins of friction are described and illustrated
with simple simulations. Examples of macroscopic and nanometer scale systems that violate
Amontons’ laws of friction are discussed. A more general friction relation is motivated and shown
to fit data from simple atomic simulations that can be downloaded and modified. The simulations
illustrate the fundamental relation between static friction and potential energy, and between kinetic
friction and energy dissipation. Conceptual difficulties in understanding how almost all pairs of
surfaces lock together in a potential energy minimum are described, and possible resolutions are
discussed. We conclude with an explanation of why Amontons’ laws work so well in many
macroscopic systems. @004 American Association of Physics Teachers.

[DOI: 10.1119/1.17151Q7

[. INTRODUCTION concepts are illustrated with simple experiments and with
simulations developed usinmteractive Physics 3.8 Al

The discussions of sliding and static friction in a typical the simulations are available through EPAP&nd make it
high school physics course and in popular introductory col€asy for students to explore the effect of varying geometry,
lege physics texts might lead one to believe that friction is gorces, velocities, and other parameters. Movies that illus-
rather straightforward phenomenon. However, some evenyfrate the dynamics for examples discussed in the text are
day experiences can leave students wondering if the |lanavailable at th_e same location, and can be used in lecture or
they are taught are valid. For example, sticky objects likdaboratory settings. o
tape exhibit friction without an applied load and this friction ~We begin with a review of the friction laws developed by

increases with area. Most physics texts do not address suéinontons over 300 years agdhen, simple examples that
exceptions to the “laws” of friction. They also offer little Violate these laws are discussed. The first simulations em-

insight into the developments in friction research that ha\,epha3|2e4the connection betwee.n static frlct|on.and potential
occurred in recent years. energy 'They are folloyveq by _S|mulat|ons that |IIu§tra}te the

The study of friction, lubrication, and wear is called tri- COnnection between kinetic friction and energy dissipation,
bology, or the science of rubbing, and has been at the cent@d show that static friction is surprisingly rare in simple
of technology since prehistoric timédn the last 15 years, atomistic quel_s. Some exp!anatlons for the omnipresence
new experimental methods that probe friction with atomicOf statlc_frlctlon in macroscopic systems are described, and a
resolution in one or more directions have revealed many defeéchanism based on the debris present between nearly all
tails about the molecular origins of frictighAtomic force surfaces is illustrated using simulations. The 'art|cle con-
microscopes measure the friction between a substrate andC/des with a brief explanation of why Amontons'laws often
few to several hundred atoms on a sharp®tiphe lateral WOk in macroscopic experiments.
resolution can be less than an atomic spacing. The surface
force apparatus measures the forces between atomically flat
surfaces as their separation is varied with angstrom level- AMONTONS’ LAWS OF FRICTION
resolution? The friction and adhesion are studied as a func- . -

The two basic laws of friction that are taught today were

ti f the chemist d thick f th terial bet _ : e
1on o1 the chemistty an lekiiess of the material beaves rst published by Amontons, but known to da Vinci many

the surfaces. The quartz crystal microbalance detects frictio o - .
forces between islands of atoms that are one or two layerars earlier. The laws state that the frictional forde is

thick and the substrate on which they slfd&imulations Proportional to the normal force or lodd holding the two
using new generations of computers have played an imposurfaces together, and ttatis independent of the area of the
tant role in interpreting and explaining the findings from surfaces. These rules, particularly the first one, are used by
these new experimental methods. The study of atomic scaligh school and college students in many problems.
manifestations of friction has been dubbed nanotribofogy, In most of these problems we consider the load to be the
and an accessible introduction can be found in a recent R&omponent of the weight of an object that acts perpendicular
source Lettef.More specialized reviews of experimental and to the surface with which it is in contact, plus any other
theoretical work are also availabie external forces that might be acting on the object in that
The goal of this article is to discuss some simple demondirection. Amontons’ first law is often expressed by saying
strations and simulations designed to illustrate importanthat the ratioF/L has a constant value known as the coeffi-
principles associated with the modern view of friction. Thecient of friction. Euler introduced the symbgl for the fric-
purpose of these simulations is to enrich students’ concepion coefficient In general,u depends on whether one mea-
tions of friction at an early stage in their education. Key sures the static friction forcég needed to initiate sliding, or
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the kinetic friction forceF, needed to maintain sliding. () -8 & -8-&

Many texts discuss a third law, due to Coulombhich says P S e L e S e e
F is independent of the sliding velocity. =@ -8 -8 6 & & G &

A common way of measuring the coefficient of static fric- Vo @ @@ @O @@ @O0 EE
tion u is to place an object on an inclined plane and in- I I
crease the slope until it begins to slide. dfis the angle i ®-9-0- 0 OO

relative to the horizontal ani¥ is the mass of the object,
then the normal force due to gravity or the load Lis
=Mg cosé. The object begins to slide when the tangential
forge Mg S.m o exc_eed_s the static frICtIOﬁ_S' If the angle at Fig. 1. Geometry of the first simulatidisim1 on EPAPSRef. 13]. Atoms
which sliding begins i9,, thenFs;=Mgsings=Ltanf;and i the bottom wall are fixed, and the top wall is pulled by a spring whose
us=tanf;. We can add masses to make the object heavienther endfar right) advances at constant speedThe strong bonds within
and in many cases we find thé; does not change, which is the tpp wall are represented by springs=(G00e/ o?). The‘ af[oms are shown
consistent with Amontons’ first law. To test the second law.2S circles of radius 0.4 (bottom) or 0.5 ¢ (top), but their interactiodEq.

da Vinci's cl . . e]n i bi '(2)] is minimized at the larger separation of%r. In the initial state(a) all
V_Ve repef'it a vinci S_C assic eXpe”m lt@' taking an o _]em atoms are at this ideal separation.(b) the top atoms have been displaced
like a b”Ck and p_Iacmg surfaces with different areas In CoN-+o the right. The external force from the spring is balanced by the force from
tact with the inclined plane. For many common objects thehe bottom atoms, which pushes the top atoms back to the left. The damper
value of g, is independent of the macroscopic area of thestabilizes the system when it starts to slide or the load is suddenly increased.
contacting surfaces, thereby establishing Amontons’ second
law.

>

(II:

dim (] (o i) [ L) [ {a) (p a) (d i} | [ (s [ e )

system. The key element is the attraction between atoms at
the interface between the two objects. As in many computer
Il FRICTION WITH  L<0? simulations of friction'® we model the interactions between

Students may wonder if Amontons’ laws are unbreakabldWO atoms separated by distancewith a Lennard-Jones

i 16
physical laws or simply rules that work well for many com- potentiat
mon situations. Consider what they predict for two surfaces  U(r)=4¢[(a/r)*—(o/r)"]. 2

pulled across each other in the weightlessness of space witl“l1 . -
no external force. Is there really no friction in the absence of N Parametee gives the binding energy of two atoms at the

a normal force? It turns out that friction can be even moreSeparation; =2, which minimizes their potential energy.
difficult to deal with in space than on eafthCan students The attractive term in E¢(2) has ther ~® dependence of the
think of an object that will not slide on a vertical plane, like attractive van der Waals or fluctuating dipole interaction be-
the wall of a room? Most will think of tape, putty, or other tween all atom&.Ther 2 term represents the Pauli exclu-
sticky objects that adhere to surfaces. These objects dorgion repulsion when the electrons around the atoms begin to
slide even when the plane is tilted past vertical, so that graveverlap. The massn of the atoms is assumed to be large
ity produces a negative load that seeks to separate the swnough that they can be treated as classical objects, which is
faces. a good approximation for most atoms at room temperafure.
Sticky and compliant objects also violate Amontons’ sec-All quantities are expressed in units @fo, m and the char-
ond law because the frictional force increases with the aregcteristic timer =\mo?/e (Appendix.
of contact. This dependence on area can be checked by afrigure 1 shows the simple two-dimensional geometry that
simple experiment, where part of the bottom surface of as uysed in the first simulation of friction between two crys-
block is covered with a sheet of compliant mateffar ex-  talline walls (sim1).*® The bottom wall is represented by a
ample, latex, putty, double-sided tape, caulk, or materiajine of fixed atoms. The top wall contains 13 atoms. The
from stretchable gloves or toys designed to stick to walls strong interactions binding this wall together are modeled by
and placed on a smooth glass substrate so that the area ¢jfrings between neighboring atoms. Only the Lennard-Jones
contact can be observed from below. For stability we mayinteraction couples atoms on different walls.
coat strips on two parallel edges of a heavy block and vary The top wall is pulled by a spring attached to a particle
the width of the strips. The static friction can be determinednhat advances at a constant speegarallel to the bottom
by pulling the block with a spring balance along the length ofyyq)|. The particle and spring could represent the motion and
the strips and measuring the force needed to initiate slidingstiffness of an external measuring device, like an atomic
For such surfaces, the measured friction rises with the area @fce microscope. We may also think of the particle and
contact even when the load is fixed, violating Amontons’spring as modeling a much thicker top wall than would fit in
second law. _ , , the simulation. The particle then corresponds to the position
The static friction also increases with the weight of theq the top of the wall and the spring to the elastic stiffness of
block at a fixed area, as would be expected from the first lawne wall, A stabilizing damper has been added to keep the top
This typel of behavior was observed in some systems by face from being thrown free of the bottom wall when
Coulomb, who fittedF to a linear function of both load and motjon starts. It would not be necessary in a more realistic
areaA: model, and students can check that setting the damping con-
F=pul+cA 1) stant to zero does not affect the static friction.

' The surfaces in Fig. 1 are “commensurate,” because the
wherec is a constant coefficient. As illustrated below, Et).  ratio of the spacing between atoms on the top surface to that
applies to many atomic scale studies of friction. on the bottom wall is a rational number, in this case 2. This

Our first simulation illustrates how a friction force that ratio allows all top atoms to simultaneously minimize their
violates Amontons’ laws can arise in a simple atomic-scalgotential energy. In the lowest energy configuratiéng.
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decreased but still present. Of course, when too large a nega-
tive load is applied, the surfaces are ripped apart and there is
no longer any friction.

The third simulation illustrates why E@l) describes the
above resultgsim3).'® Here, a single atom is pulled by the
same spring used in the first two simulations. The dashpot is
replaced by a drag force proportional to the velocity, which
allows the system to equilibrate after sudden changes in load.
Figure 2 shows that the force needed to start this atom mov-
ing lies on a line with the samg and c as the first two
) T S I B simulations. For all of these simulations, represents the

20 0 20 40 force needed to dislodge each atom from its potential energy
L minimum in the absence of an external load. The third simu-
Fig. 2. Static friction as a function of load in simulations with the larger Iat[on Sh.OWS that -addmg a normal force on. an atom produces
(pluses and smaller(open squargscommensurate walléssiml and simp, a “n.ear mcre_asga in the force needed to. dls.loc.jge.lt'. Because
and for a single atonffilled square} (sim3. The straight lines give a fit to the increase is linear, the total Increase In friction is 'ndepen'
Eq. (1) with the same values qi=0.308 andc=1.96. dent of the number of atoms sharing the load, and all simu-
lations have the same. Note that this explanation for Eq.
(1) assumes that the forces from each atom add coherently.
Section IV discusses problems with this assumption.
1(a)], each top atom fits neatly between two bottom atoms A simple geometrical argument explains why the friction
and obtains the full binding energyfrom each(It looks like ~ on a single atom rises linearly with the normal fot¢e® The
the atoms don't touch only because the circles have a smalleepulsiver ~*2 term in Eq.(2) prevents the atom from ap-
diameter than the spacing that minimizes the enerdf§y-2) proaching too close to atoms on the bottom wall. As a result,
Any lateral movement stretches the bond to one of the twdhe atom must move upward as it moves from a point mid-
bottom atoms and increases the potential energy. The derivavay between two atoms to a point directly above an atom.
tive of the potential energy with respect to the lateral dis-When a normal force is added, an extra lateral force is
placement represents an internal force, friction, that countemeeded to pull the atom up over atoms in the bottom wall. If
acts the external lateral forcé. the atom moves up at an angfe then the extra friction is

In the initial phase of the simulatiofsim1.av),"® the top  just the load times ta®. As expected from this argument,
wall is nearly stationary. The moving particle gradually plotting the trajectory of the atom shows that tarap-
stretches the spring, and the force it applies on the wall inproaches the measured value wfas the force approaches
creases linearly with time. A close examination of a snapshot_
of the simulation[Fig. 1(b)] reveals that there is a small “students can check this simple argument by calculating
force from the bottom surface matches the external forc@orm part of the lower surface. A Lennard-Jones interaction,
exactly. This motion is too small to detect in a macroscopicyy g simpler purely repulsive power law ") or exponential
friction experiment, but can be seen using an atomic forc e~} potential, can be used. For each value of the lateral

microscop€ At some point, the external force reaches the' . .. . . .
largest value that the internal forces can resist. This forcgosmon,x, the height of the atom must be adjusted until the

corresponds to the static friction force, and is aboutei# }[/r?i;tlszlr fi%rcehgiql;]?l\?virr\?a%?snﬁt:tn:hlgar:f dTgiemlagZ{\?J e]:aorzct?] : t
for this simulation even though=0. Once the external force ying heig P

ing the extension of the spring, and thus the external force, . ponds to 1 : e :
Because the load is zero and the friction and adhesion ad" verify that the static friction force increases linearly with

very large, the top wall rips free before settling back on theloald over a wide range of loads, as illustrated in Fig. 2.

bottom wall.
To illustrate the effect of the area, the rear four atoms OfIV. HOW ARE FRICTION AND ADHESION
the top wall were removed in the second simulatisim?2).*® ELATED?

This removal reduces the area of contact by a factor of 5/7.
Figure 2 shows that the static friction decreases by the same One common way of explaining E¢{) is to argue that the
ratio, from about 14/c to 10 €/o. Thus, this simple simula-  adhesive forces between surfaces act like an effective load
tion gives a friction force at zero load that is proportional tothat must be added to the external load. If the adhesive load
the contact area, ViOIating both of Amontons’ laws. Slmllar|s proportiona] to the area, then Hq_) reverts to Amontons’
violations of Amontons’ second law are observed in manyirst law and only the second law is violated. The idea that
nanoscale experimerits. adhesion between materials is important to friction has his-
~Students can apply a load to the top wall of these twaorical roots that date back to Desaguliers in 1734e ex-
simulations by adding a gravitational acceleration. As long agerimented with smooth metal surfaces and found that both
the magnitude of the load is not too large, the static frictionadhesion and frictional forces could be greatly increased by
rises linearly with load. Figure 2 shows that the results forponshing the two surfaces to be placed in contact. The rea-
both simulations can be fit to Eq1) with x=0.308, ¢  son for this increase is described in Sec. VI.
=1.96, and the “area” measured in terms of the number of Although there is often a correlation between adhesion
atoms on the bottom surface of the top wall. This fit evenand friction, adhesion alone is not enough to produce fric-
extends to small negative loads, where the static friction igion. The easiest way to understand this conclusion is to
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Fig. 4. When two identical walls are in perfect alignmdaf, they are
Fig. 3. Initial geometry for simulations with incommensurate wédlswith- commensurate and all atoms on the top surf@besed circles can nestle
out (sim4) and (b) with (sim5 debris atoms in between. Atoms in the bot- between atoms in the surface bel¢wpen circles Rotating the top surface
tom wall are fixed at a separation ofand the spacing in the top wall is produces incommensurate surfa¢és, (c)], where each top atom sits at a
v2o. In () a constant force is applied to the rightmost atom on the top wall.different position relative to the surface below.
In (b) this atom is attached to a spring whose other end moves to the right at
constant speedv(=0.25%/7). The springs within the top wall havk
=500¢/ 0 in (b) and are reduced to 1602 in (a) to make the vibrations
of atoms visible. A small damping is added (i) to allow the system to
settle into an energy minimum.

friction, the kinetic frictionF, cannot reflect an increase in
the interfacial Lennard-Jones potential energy. Moving the
top wall forward by one lattice constant of the bottom wall
produces a system with the same geometry, so the average
lateral force from the change in interfacial potential energy
imagine replacing the bottom wall in Fig. 1 by a perfectly vanishes?%?!In the simulation, the top atoms move up and
smooth wall. The top wall will adhere to the bottom wall as down over bottom atoms at different times. This motion
long as there are attractive interactions that pull the walldeads to a cancellation of the lateral forces, and the center of
together. However, there will be no static friction because thenass moves forward smoothly. However, the relative motion
potential energy from this attraction is not affected by lateralof the top atoms excites sound waves that propagate in the
translations—the system is invariant under sliding. Ongop wall. These vibrations are called phonons, and the
might argue that real walls are made of discrete atoms tha&mount of energy stored in them grows with time during the
break this translational symmetry. However, it turns out to besimulation. The energy comes from the external work being
remarkably easy to make models with zero static friction. done on the system; that is, the kinetic friction. The rate of
Figure 3a) shows the geometry for a simulation where theexternal work isFv, wherev is the speed of the top wall.
spacing between atoms on the top and bottom surfaces is dme first law of thermodynamics implies that this work must
irrational number,v2 (sim4).1® Such surfaces are called either increase the internal energy of the system or produce a
incommensurat&’ Unlike the commensurate surface in Fig. heat flow out of the system. The top wall in the simulation is
1, there is no way for all the atoms to simultaneously fall intoisolated so the energy can only go into internal vibrations.
potential energy minima between atoms on the bottom wallThese phonons would propagate away from the surface as
Indeed, every atom on the top wall lies at a different positionheat if the coupling to the environment were treated more
relative to the nearest atoms on the bottom wall. The interrealistically*%**
action between walls pushes some top atoms to the right and Experiments using a quartz crystal microbalance allow
others to the left. If the walls are long enough, the lateralthese ideas to be tested in a real system. Atoms like krypton
forces cancel exactly, while the adhesive forces grow linearlpr xenon adsorb onto a metal surface forming small incom-
with area. For short walls, like that in Fig(&, the cancel- mensurate islands much like that in Fig. 3. The metal is then
lation is not complete because of edge effects. The simuleshaken laterally and the frictional work is measured. For
tion shows the top wall begins to advance at forces greategome systems the friction can be quantitatively described in
than about~e/o. This force is an order of magnitude terms of energg transfer to phonons that are generated as the
smaller than the static friction for the first simulation, evenislands slidé? “Energy can also be transported away from
though the area is twice as large. Indeed, the friction for théhe surface by exciting electrons into higher energy leVéfs.
entire incommensurate wall is much smaller than the contri-
bution of each atom on the commensurate wall at zero load/. WHY IS THERE STATIC FRICTION?
~2elo. Studies of larger incommensurate systems show
that the ratio of friction to adhesion vanishes as the wall area,
grows18 ri

The simulation just describe@im4) suggests that static
ction should be rare, because two contacting surfaces will
n%enerally be incommensurate. Even two identical surfaces

Students can obtain a flavor for incommensurate syste ecome incommensurate when they are rotated about an axis
by considering a string of atoms moving along the axis in erpendicular to their interface. This is easily illustrated by

;2”:?\%'?2Lp;;ﬁggaé‘f Itfhtgi)c?tpe anct:glglts ?%ﬁiﬂ:%@&?&hionﬁlam_ng two transparencies with a regular Iattice_ of dots_ and
’ ) ) rotating the top one on an overhead projector. Figure 4 illus-
lateral force depends on and a/b. This maximum force {5165 some of the resulting patterns for a square lattice.
corresponds to the static friction, and students will find that ity/hen the lattices are aligned, each dot has the same position
only scales linearly wittn whena/b is an integer. How does re|ative to the other lattice. Rotating the lattices out of align-
it scale whera/b is another rational number, or an irrational ment produces a fascinating variety of Moire patterns, where
number likev2? Some answers can be found in Refs. 11 andeach dot is at a different position relative to the other lattice.
18. If each dot were replaced by an atom, the lateral forces
An examination of the atomic motions in the incommen-would be in all different directions and the static friction

surate simulatior(see sim4.av?) illustrates the connection would vanish. Random surfaces also sample all possible po-
between kinetic friction and energy dissipation. Unlike staticsitions, leading to a cancellation of the lateral fotge.
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Figure 1 is unusual even for commensurate systems, b&ontaminant surface layers are difficult to push out unless the
cause all the top atoms can be moved to a local energy minpressure is high enough to break bonds in the material below.
mum by a rigid translation. A lateral displacement of the wall The most important difficulty with the cold-welding model
increases the energy of every top atom at the same timés that friction measurements are very sensitive to any sur-
giving a large static friction. If the ratio of spacings were 3/2,face contaminatio® As emphasized by Feynmah “fric-
the surfaces could not be brought into perfect registry. Wdion is never due to copper on copper, but due to the impu-
could place half the atoms at local minima, but the other halfities clinging to copper.” These impurities are traditionally
would be at local maxima. As a result, the energy that can bealled “third bodies,” because they separate the two macro-
gained by rigidly translating the wall, and the correspondingscopic objects to which the external forces are applied. Since
friction, is small'® prehistoric times, surfaces have been modified to reduce fric-

To obtain a static friction force that rises linearly with tion by adding thin layers of animal fat or liquidsToday,
area, the forces on the atoms at the interface must be largéngle layers of molecules can be precisely deposited to
enough to produce large rearrangements of the atoms int@wer friction on hard disks or microelectromechanical
new local energy minima. This rearrangement also produce@achine§. Such layers replace the native contamination on
something called adhesion hysteresis: The energy gained I$yrfaces and can reduce the friction by an order of magni-
bringing two surfaces together is less than the energy rellide. They also prevent welding of surfaces. _
quired to break them apart. Recent work suggests that the The layers of molecules between surfaces, whether inten-
strength of friction should be correlated with the amount oftionally applied or native, provide another mechanism for
adhesion hysteresis, rather than the strength of adhesidRarrangements that produce static friction. The interactions
itself.2° between surfaces may be too small to rearrange atoms within

A wide variety of surface rearrangements have been prothe contacting solids, but strong enough to rearrange the
posed to explain experiments, and each may be valid in spéouch weaker bonds within the layer. Unlike the bounding
cific cases. Most rely on the forces at the interface being©lids considered in many modeffor example, Fig. 4
comparable to the forces holding the contacting solids toSurface layers are generally not in an ordered crystalline
gether. There are some obvious cases where this conditici{ate. Like glasses or other amorphous solids, they have
applies. For example, machining, polishing, or sanding genfany arrangements that are local energy minima. One of
erate local pressures strong enough to break internal bond§€se local minima will be able to conform to any given
removing material and leaving behind grooves. The simplesgeometry of the bounding surfaces. Once locked in this mini-

example is plowing friction where a sharp tip makes amum. the film will resist lateral motion.
scratch in a surfac® The static friction corresponds to the The final simulation illustrates how debris atoms between

force required to break bonds and push atoms out of the paﬁ]urfaces can lock them together and produce static friction.

of the advancing tip. The local pressure required to producd "€ Pounding solids are the incommensurate walls used in
a rearrangement of internal bonds is called the hardnesthe fourth simulation. Seven spherical atoms of the same size

Plowing friction occurs when the tip is harder than the sub-are free to move in between them. These atoms interact with

strate, otherwise the tip will flatten. Diamond, carborundum €ach other and with wall atoms through the same Lennard-

and tungsten carbide are commonly used as abrasives pagnes potential. When the simulation starts, debris atoms rap-

cause of their high hardness idly move to local minima where they are between two at-
Many textbooks describe another mechanism for surfac@MS 0N each surface. They then resist any lateral motion,
rearrangement that is observed in contacts between cledtioducing friction even though the direct interactions be-
metal surfaces in ultrahigh vacuum. The surface atoms havi/een Wa!ls_are negligible. The top wall remans pinned until
a very high energy that can be lowered by contact with g2 static friction of about 1¥/o. This force is more than an
most any atom. When placed in contact with another meta|order of magnitude larger than the static friction for the same
the energy of interaction with the other surface is of the sam commensurate walls with no debris, and comparable to the

order as the energy holding the atom onto its own surfacece Petween commensurate walls without debris in Fig. 1.
Atoms diffuse to maximize metal/metal contact and mini-~S in the first three simulations, students can vary the load

mize metal/vacuum interfaces. A beautiful illustration of by changing the gravity. As a project they can verify that

such atomic rearrangements can be seen in simulations Ofrssults for loads betwees 12¢/o- and more than 10@/o

nickel tip contacting a gold substraétéThe process of form- ¢an be fit to Eq(1) with ,=0.20 andc=0.85. The area can

ing these metal junctions is called cold welding, and the?!SO be changed by deleting or adding wall atoms and debris.

junctions resist lateral motion much like a bulk solid. The More detailed simulations show that the same mechanism

static friction corresponds to the force needed to break theseeCurs when debris is placed between commensurate or dis-

bonds, and experiments show that fracture may occur aweg dered walls”***In all cases, the friction increases with

from the actual interface, leaving behind patches of onéifé@ and load according to E(L). Experiments with the

metal on the other’s surfacé. surface force apparatus also show that films of almost any
Although cold-welded junctions provide one explanationM0lecule placed between atomically flat surfaces lead to

for static friction, there are several reasons why this explaStatic friction:

nation cannot be general. One problem is that breaking the

junctions would wear away mater_ial at a much higher rate/; \WHY DO AMONTONS' LAWS OFTEN WORK?

than observed A second problem is that when surfaces are

exposed to air, they react to lower their energy, reducing the The above simulations and many nanoscale experifh&nts

energy they can gain from rearranging in response to anothémdicate that Eq(1) provides a more accurate description of

surface. Most metals are quickly covered with many atomidriction at nanometer scales than Amontons’ laws. Students

layers of an oxide, and all surfaces are rapidly coated with anay be left wondering why Amontons’ laws work so well in

thin layer of molecules that are absorbed from the air. Thesenany macroscopic experiments. The answer is that the area
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Amontons and Coulomb were generally much rougher than
this optimum value, and adhesive effects could be ignored in
most case$.

VIl. SUMMARY AND CONCLUSIONS

The demonstration using blocks coated with compliant
p’laterial (Sec. Il) and the simulations with commensurate

alls emphasize the importance of adhesion in producing
riction, particularly in the limit of smooth or compliant sur-
faces and small, or even negative, loads. Adhesion leads to
violations of Amontons’ laws that are often surprising and
have been rediscovered with excitement in many publica-

that enters Eq(1) in the above examples is the area wheretions. Bo}f; laws are violated in the first three simulations
atoms on opposing surfaces are close enough that they intd2iM1-3, \l/vher% the friction ;0“_:'%.'5 ;'n'te at fzero load and
act strongly(within ~21 nm). For most macroscopic surfaces, proportional to the areqFig. 2. This friction force is ex-

this real area of contact is much smaller than the apparerﬂla'ned in terms of the attractive interactions across the in-
rical ared btained f h i di terface between the surfaces. The potential energy of each
gieo(:;]e rical areéapp 0blained from the Macroscopic diMen- jnte facial atom is minimized by the configuration shown in

. . . Fig. 1(@). Any lateral motion increases the energy, producing
Figure 5 illustrates the typical geometry of contacts be-; “|5teral force that can counteract an external fojfeiey.

tween macroscopic surfaces. Contact is limited to placeg(b)]_ The maximum derivative of the potential energy cor-

where peaks called “asperities” on one surface, coinCid&esponds to the largest external force that can be balanced,
with peaks on the opposing surface. These contact regions,q thus is the static frictiol:

flatten under the applied load and in response to adhesion The fourth simulation[Fig. 3(@] shows that adhesion
between the s_ur_fa%esf. The actual area ?as been measut@gne is not enough to yield static friction. In general, sur-
using cg%r;gluctlwt)f, interfacial stiffness? and optical  faces will have different periods that prevent the neat inter-
imaging.™~"Under most conditions, the area in these contaciocking in Fig. 1. For every atom that is at a potential energy
regions is small and rises linearly with the applied load. Thisminimum, there is another at a maximum. The net change in
proportionality can be understood from theoretical models(_:.nergy with position, and thu&, vanishes for large surface
that _negl%cgg adhesion and assume the solids respongeas. However, motion is still resisted by kinetic friction.
elastically;™ or deform plastlcafllﬁ. _ The simulation(sim4.avt) illustrates how work done bi,
Amontons’laws hold automatically if the real contact areajg conyerted into lattice vibrations. The latter represent heat

is proportional to the load. In this case, the second term ifnat would flow into the surrounding solids. One of the ear-
Eq. (1) is also proportional to the load, and Amontons’ first jigst applications of friction was the generation of fire by
law hoIds._The second law also holds, because the real arg@phing sticks together.
of contact is independent of the apparent geometric area. The gtatic friction implies that the atoms at the interface have
proportionality ofA andL implies that when surfaces of a rearranged to achieve a local energy minimum. Different
brick with different apparent area are placed on an inclinecproposals for the types of rearrangement that might occur
plane, the deformation in the contacts leads to exactly thevere discussed. One of these is based on rearrangements of
same true area of contact, and thus the same force. the contaminant layers that are present on all of the surfaces
Amontons’ laws fail when adhesive forces are important inaround us. The atoms in these layers can rearrange to pro-
determining the flattening of contacts. Adhesion is alwaysduce an energy minimum for any configuration of the bound-
important at zero load, because no other force acts to ining surfaces. The final simulatidiFig. 3(b)] illustrates how
crease the size of contacts. Adhesion also becomes more inhis rearrangement can produce a static friction that rises
portant when the materials are easy to deform, as in tapdinearly with load and area as in E(L).
putty, and many children’s toys that are designed to stick to Although the simulations presented with this article are
walls, ceilings, or any other surface. For these materials thémited, they provide an interesting visual and conceptual
real and apparent areas of contact may be nearly equal. Gelook at the role of surface geometry, interactions, and atomic
kos use a different strategy to achieve a large contact*rearearrangements in producing friction. If students were asked
Their feet contain many pads that can adjust independentlip predict the results, many would be mistaken. We hope that
to ensure full contact with a surface. Even though the interthe simulations will deepen their understanding of the com-
actions at each point are weak, they add up to a force thatlexity of friction in real systems, as well as the fundamental
allows geckos to climb walls and ceilings. connections between static friction and potential energy, and
Smoothing the surface also makes it easier for adhesiveetween kinetic friction and dissipation. We also hope that
forces to pull opposing surfaces into contact. The resultinghe simulations will spur interest in more advanced questions
increase in contact area is the key to the observations dfgarding debris, lubricants, and practical engineering appli-
Desaguliers mentioned previousiyBy polishing the two cations in automobiles and other machinery that can be pur-
contacting surfaces, he caused them to conform to eac$iled in more extensive reviefs:
other. This increased the effective area of contact and the
resulting friction force. In general, the second term in @9.  ACKNOWLEDGMENTS
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Foundation under Grant Nos. DMRO0080031 andafter sliding starts. The other simulations should be stopped
DMRO0083286. J.R. thanks the administration of the Lan-once the peak force or static friction is determined. Finite

caster Country Day School for their support. temperature, thicker walls, higher loads, and other factors
would generally prevent the top wall from flying off the bot-

APPENDIX: SIMULATION DETAILS AND tom wall in a real experiment. o ,

PROJECTS As projects, students can vary the gravitational attraction

and determine the relation between friction and load for any

Interactive Physic€ uses mks units that are much larger of the simulations. They can also add or remove particles to
than the atomic diameters, weights, and times of theexplore the effect of contact area, or change the spacing be-
Lennard-Jones potential. Rather than using lengths likéween atoms along the walls to explore the difference be-
10 °m, we work in Lennard-Jones units of atomic diam-tween different commensurate and incommensurate cases.
eter g, binding energye, and massn. This choice gives a They can also explore the effect of spacing when debris par-
characteristic timer = \ma?/e. The unit of force ise/oand  ticles are present. They will find that decreasing the spacing
the spring constants have units efo. The output from decreaseg in Eq. (N and increasing the spacing increases
Interactive Physics is reported in mks units, but the usew- This effect is explained in Ref. 17.
should keep in mind that the numbers are really in Lennard-

Jones units. Typical values for models of real atoms are of Electronic mail: mr@pha.jhu.edu

1 - :
e . - 20 . D. Dowson,History of Tribology(Longman, New York, 1970
the order ofo=0.3 nm, e~0.3 eV~5-10 J, andm~5 2. Krim, “Friction at the atomic scale,” Sci. An275, 74—-80(1996.

-10 ?°kg. These values give~0.3 ps,e/c~0.2 nN, and 35 Carpick and M. Salmeron, “Scratching the surface: Fundamental

€/ 0?~0.5 J/Inf. investigations of tribology with atomic force microscopy,” Chem. Rev.
Atoms on the top and bottom walls are drawn with radii of (Washington, D.Q.97, 1163—-11941997.

0.4 ¢ and 0.50, respectively. If the atomic separation were 43. N. Israelachvili,intermolecular and Surface Force#\cademic, Lon-

to decrease to the sum of these values, Interactive Physicgon'_lggl' 2nd ed. . . .

would change their velocities as if a collision with perfect - <fim: D- H. Solina, and R. Chiarelo, “Nanotribology of a Kr mono-

S L .. layer: A quartz-crystal microbalance study of atomic-scale friction,” Phys.

glast|0|ty and zero friction had occurred. The sum.of the_rgdu Rev. Lett.66, 181—184(1991).

is chosen to be small enough that such unphysical, billiards;, rim, “Resource Letter: FMMLS-1: Friction at macroscopic and micro-

ball-like collisions do not occur in the range of loads consid- scopic length scales,” Am. J. Phyg0, 890—897(2002.

ered. B. N. J. PerssonSliding Friction: Physical Principles and Applications
The springs between atoms in the top wall have springs(Springer-Verlag, Berlin, 1998

constantk=500 (listed in N/m, but actually ins/a-z). This B. Bhushan, ed.Modern Tribology HandbookCRC, Boca Raton, FL,

. . 2001).

Ve.llue ofk is about an order Of. magmt.Ude Iarger than the °J. A?)Harrison, S. J. Stuart, and D. W. Brenner, “Atomic-scale simulation
stiffness of the Lennard-Jones interactions between the tWouf gibological and related phenomena,” iHandbook of Micro/
surfaces. The damper at the back of the first two simulations Nanotribology edited by B. BhushatCRC, Boca Raton, FL, 1999pp.
produces a drag force of 105 /me/ a2, wheres is the in- 525-594. .

stantaneous velocity of the back atom. The pulling springm’\"- 0. Robbins and M. H. Mser, “Computer simulations of friction, lu-

_ o\ - - . = brication and wear,” inMlodern Tribology Handbogkedited by B. Bhus-
(k=1 €/ o) is attached to a sphere moving with a fixed ve han(CRC, Boca Raton, FL, 2001pp. 717-765.

locity appropriate to each case. i i M. H. Miiser, M. Urbakh, and M. O. Robbins, “Statistical mechanics of
The interaction between all the particles of the simulation static and low-velocity kinetic friction,” Adv. Chem. Phy&26, 187—272

is the Lennard-Jones potential. It is implemented in Interac- (2003.
tive Physics by selecting the “World” menu, then A demo version of Interactive Physics is available at
“Force Field,” and “Pair-Wise.” The formula: l3<SWWWéi£>1/ie';gcgvephysinﬁomE AP /is 7010406 for Interaciive Phvei
_ _ . _ ee ocument No. E- -72- or Interactive Physics

éS;(ésqr(self.p other.p)J 6.5), -24 ((sqr(self.p ot'her.p)) models(simn.ip and moviegsimn.avj for the five simulations discussed

w0 )’ is then placed in the top slot available. This formula in the text(siml, ..., sim%. A direct link to this document may be found
is obtained by differentiating the Lennard-Jones potential be- in the online article’s HTML reference section. The document may also be
tween particles centered at positions denoted by “self.p” and reached via the EPAPS homepagéhttp://www.aip.org/pubservs/
“other.p.” Interactive Physics sums all forcefield interactions epaps.htmior from ftp.aip.org in the directory /epaps. See the EPAPS
and all external forces to determine the net force on a particlghomepage for more information. o
at each time step. The time step, desired accuracy, an t finite temperature the statl_c friction is related to the derlvatl\(e of the
method used to integrate Newton's equations of motion are ree energy rather the potential energy. We refer to the potential energy

: “ i L w " throughout the text because our simulations are effectively at zero tem-
adJUStable under the Accuracy” item within the “World perature, and because most students do not learn about free energy until

menu. their junior or senior year in college.

For some of the simulations it may be beneficial to add &%3. w. R. Jones and M. J. Jansen, “Space tribology,Madern Tribology
small gravitational attraction and increase the velocity- Handbook edited by B. BhushaiCRC, Boca Raton, FL, 2001 pp.
dependent damping at the rear of the top wall to stabilize the 1159-1186. _ _ _ o
motion and decrease the “bouncing” of the wall that may be 3"- P. OA”fe”da”l% EE; J. TildesleyComputer Simulation of LiquideClaren-

H H H on, Oxrord, A
.Observed' Alr rles_lstancéproportllonal to speéd:an_also be. G. He, M. H. Miser, and M. O. Robbins, “Adsorbed layers and the origin
included to mimic heat f!ow into th_e surroundings. It is (o friction,” Science284, 1650—16521999.
added to the third and fifth simulations to damp suddensy . wmiser, L. Wenning, and M. O. Robbins, “Simple microscopic

Chahges in load, allowing the system to reach a local energytheory of Amontons’s laws for static friction,” Phys. Rev. Le8, 1295—
minimum. 1298(2001).
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