Lateral stiffness: A new nanomechanical measurement for the determination
of shear strengths with friction force microscopy
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We present a technique to measure the lateral stiffness of the nanometer-sized contact formed
between a friction force microscope tip and a sample surface. Since the lateral stiffness of an elastic
contact is proportional to the contact radius, this measurement can be used to study the relationship
between friction, load, and contact area. As an example, we measure the lateral stiffness of the
contact between a silicon nitride tip and muscovite mica in a humid atmos58% relative
humidity) as a function of load. Comparison with friction measurements confirms that friction is
proportional to contact area and allows determination of the shear strength99® American
Institute of Physicg.S0003-695(97)01412-3

The friction force microscop& FM)! has emerged as an whereE* =[(1— v%)/El+ (1—v)%E,™% E; andE, are the
important tool to study nanotribology—the atomic scale ori-Young's moduli of the sphere and plane, respectively, and
gins of friction, adhesion, lubrication, and wéaRecent ob- v, and v, the respective Poisson’s ratios. From E2), the
servations indicate that at low loads, the FFM tip can form anormal stiffness is directly proportional to the contact radius,
single asperity contact with a surfacand wearless inter- which for the Hertz case is given bg=(3RL/4E*)3,
facial sliding occurs. Friction appears to scale with load inwhereR is the sphere radiushe sphere is approximated as a
proportion to the area of contact as predicted for a continuparaboloid. Typically the contact strain is concentrated
ous, elastic, single asperity contact. In other words, within a volume of the ordea®.

5 With FFM, the plane corresponds to the sample, and the
F=7rA=rma’, (1) sphere corresponds to the tip. In addition, the sphere is at-

whereF; is the frictional force A the contact areaa the tached to a spring, i.e., the cantilever, which has its own
contact radius, and the shear strengtfshear force/areain  stiffness(the normal spring constant,e). The cantilever
contrast to the macroscopic observation of friction being pro@nd the contact are thus two springs in seffég. 1(a)]. For
portional to load(due to multiple asperity contdcand/or ~nanometer-sized contacts between common materials like
wear or plastic deformatih However, contact area is not metals and ceramics, stiffness values are roughly 50—-500
directly measured with FFM, so a contact mechanical modeN/m. However, the normal stiffness of typical commercial
must be chosen to properly investigate the relationship beFFM cantileversgieyey, is on the order of 0.01-1 N/m. Thus
tween friction and contact area. The particular model uti-nearly all the elastic compression is taken up by the lever and
lized, such as the Heftzor Johnson—Kendall-Robelfs not the contact, so the measurement is relatively insensitive
model, depends upon the strength and range of the tif0 Kcontace NOtably, Pethica and co-workéfshave designed
sample interaction forc&s (among other things which is @ substantially modified scanning force microscope using
uncertain in each case. The contact area-load relation for @Ustom-made cantilevers where a magnetic force is directly
single asperity also depends upon the tip shape, as demo@pplied to the tip. With this setup, the normal stiffness can be
strated experimentally by Carpiek al® Furthermore, if the ~ sensitively measured.
shear strength is not independent of Idpessurg then the
load dependence of shear strength and contact area become
convoluted® As well, the models used neglect the effect of
lateral forces upon the contact area, yet this may indeed be a
significant effect>3to explore. For these reasons, an inde- Klever
pendent measurement related to the contact area is desirable. =

Contact stiffness is defined as the amount of force per
unit displacement required to compress an elastic contact in a E N Keontact
particular direction, has the units of N/m, and is essentially ——
the “spring constant” of the contact. For example, the nor-
mal stiffness is given byx=dL/dz whereL is the applied
load (normal force, andz is the elastic penetration depth. In
the Hertz case(an elastic sphere-plane contact =

Kcontact= 2 AE*, (2

I‘Iever Kcontact
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1548 Appl. Phys. Lett. 70 (12), 24 March 1997 0003-6951/97/70(12)/1548/3/$10.00 © 1997 American Institute of Physics



A 15
3 \450"
o 2
v \& [attice spacing E 10
E 6? ,’i/1 1111 - Z <
- - - Ed e - -
[O] - 0 1=
- - b7 .0
] - - (0] k3
— - E =
X £ {5L
(43}
FIG. 2. Lateral force signal vs lateral displacemexiy. (Solid line: a rela-
tively stiff contact. Dashed line: a softer contact—there is less cantilever
bending per unit displacement since the contact is being substantially com- 0
pressed. 60 -40 20 0 20 40 60

. i ) Load (nN)
However, the typicallateral stiffness of commercial

FFM cantileverskieyer, is around 50-200 N/HTE' i.e., of the FIG. 3. Crosses: lateral stiffnesk,{) vs load data. Solid line: a fit of the

same order as the lateral contact stiffnéSgy.cy SO typical  shifted Hertz mode[Eq. (5)]. As load increasesk,, asymptotically ap-
cantilevers can accurately measure variations inlaieral proacheKeyer, (~2190 N/m, from the fi, although, even at the maximum
stiffness of nanometer-sized contacts, i.e., load, kit ~ 35% kieyer- Triangles:F; vs load, acquired shortly after the

stiffness measurement.
[ 1 1 |1
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angstroms, to avoid slip even at low loads. A lock-in ampli-

whereF . is the lateral forcdcantilever torsion andx is fier is used to measure the amplitude of the lateral force

the lateral displacemefiFig. 1(b)]. For a sphere-plane con- '€SPONSe over a range of loads. If slip occurs, a significant
tact, KeoniactlS given by® out-of-phase lock-in response results. A two channel lock-in
» 'rcontac!

can monitor the out-of-phase component, to discard mea-
Keontace=8 G* @, (4)  surement points where slip occurred. This will be discussed
where G* =[(2— 1))/G,+ (2— v,)/G,] ™. Here G, and G, in more detail elsewhet® and was not necessary for this

are the tip and sample shear moduli, respectively. Again,example. The in-phase amplitudéHera) divided by the

KegrniacdS directly proportional to the contact radius. A further @MPlitude of relative displaceme(dx, determined by accu-
advantage is that Eq4) holds, regardless of the tip-sample rately knowing the. PI€z0 response callbrajlmmrrequnds
interaction forced® unlike the analogous equation for nor- © thetotal lateral stiffness of the systerki, [Eq. (3)]. Using

mal stiffness, Eq.(2), which must be modified for non- a similar setup, Colcheret al® measured friction by using
Hertzian contacts. a large lateral displacement amplitude so that sliding took

A simple explanation of Eq4) is obtained by consider- place. Foroour measurements, a silicon nitride Digital
ing an applied lateral forcaF .. at fixed load, i.e., apply- Instrument&’ cantilever with a nominal normal force con-
ing a lateral stresdo over the contact areA, producing a stant~ 0.58 l\_I/m was used.
proportional strairde, wheredeccdx/a (sincea is the length Lateral stifiness Ki) was measured versus load for

scale of the stress distributiprStress and strain are related Lhe _gp contactliqng freshlgl cle?vc_ad m# scg(\j/_ite mica_ in
by Hooke’s Law,do=G X de, whereG is the shear modu- umid  atmosphere[~55% relative humidity (RH)]

lus, appropriate for the direction of the applied stress considgF_ig' 8- cros;e)s The ktOt.ShOWS. a distinc.t load dependence
ered here. HeNCHF ,ioa/A G X dX/a, giving dFjera/dx with a good signal to noise ratio. The {Fig. 3 - solid ling

xGXa as in Eq.(4). Note the simplifying assumption that indicates howk,, should vary with loadalso fitting a value

the contact radius is not affected by the lateral displaceme pr k'e"e’)’_ _using the Hertz theory with the load axis shifted
y the critical loadL . (pull-off force),

dx. This is reasonable and expected for small latera

displacement®® In the case of normal stiffness, the normal 13

displacementiz doeschange the contact radius, which es- a=

sentially explains why normal stiffness is not generally pro-

portional to contact radiugexcept in the Hertz caseThe  This dependence is predicted by Fogden and \éhitr an

relation between lateral stiffness and energy dissipation fronelastic contact in the presence of capillary condensation for

friction has been discussed by Colchetoall’ appropriate values of the elastic constants, tip radius, and
As long as there is finite static friction between the tip relative humidity. Using their model, we have determined

and sample, the lateral stiffness can be measured. Considémat Eq.(5) should apply in our case. A more detailed dis-

the lateral force response of a cantilever as it scanned acrosassion of this approach has been presented elsedhere

a samplgFig. 2). Typically, atomic scale stick-slip behavior from Fig. 3 thatk,, only reaches 35% df., at the highest

is preceded by an initial sticking portion, the slope of whichload; the contact deformation is equal to or greater than the

corresponds taF .o/ dX=Kiy, the total lateral stiffness. lateral lever deformation at loads and conditions typically

To measure this slope accurately, the relative lateral positioencountered in FFM experimerits.

between the cantilever base and the sample is sinusoidally We emphasize that no model needs to be chosen to de-

modulated with an amplitude small enough, typically a fewtermine the shear strengthof the contact. To do this, fric-

R
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4 , , , , , , In conclusion, we have described a fast and straightfor-
ward technique to determine the shear strength of a FFM
tip-sample contact independent of contact mechanics models,
by measuring the lateral contact stiffness. In general, friction
and lateral stiffness measurements are complementary tech-
. - niques which should be employed in tandem when studying
o nanotribology with FFM.
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FIG. 4. The total stiffness vs load from the stiffness and friction data in
Fig. 3.
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