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Simple equations exist relating adhesion and friction forces. These apply to simple
attachment-detachment processes and steady-state (smooth) sliding conditions.
However, in the case of more complex, such as polymer, surfaces both the adhesion
and friction can be very complex, irreversible, and nonlinear, exhibiting stringing
and tack in the former and stick-slip sliding in the latter. We explore possible rela-
tionships between such nonlinear adhesion and friction processes. Based on recent
experiments we find that certain types of “limit cycles,” relating the (normal)
adhesion and (lateral) friction forces, F, and F|, to the relative velocities, V
and V|, of the surfaces during an attachment-detachment process or stick-slip slid-
ing, bear a very similar resemblance to each other. We briefly discuss the theoreti-
cal and practical implications of describing such dynamic processes in terms of
limit cycles.

Keywords: Adhesion limit cycle; Friction limit cycle; Rate and state models

The relationship between adhesion and friction is a complex one. For
simple systems—those that do not display complex nonlinear effects
in their adhesion (e.g., tack, stringing, fibrillation, crazing, fingering,
cavitation) or friction (e.g., stick-slip sliding)-there is a simple picture
and relationship connecting the two processes. The physical scenario
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FIGURE 1 During an “adhesion cycle” (loading-unloading or attachment-
detachment) of two surfaces (left), the two surfaces come into contact (a),
new bonds are formed across the interface (b), which break when the surfaces
are separated (c). During a “friction cycle” (right), as two surfaces move past
each other, bonds are continually being formed and broken in a similar way
as occurs during an adhesion cycle, except that the atoms are not separated
to infinity in (c) so that the energy expended is less than the hysteresis during
an adhesion cycle, (7 — 74) per unit area [12,27].

is illustrated in Figure 1, which leads to the following equation for
the steady-state (smooth, kinetic) friction force F|, for two surfaces
of contact area A:

—v))Ae
Fy= w + terms related to L (normal load) (1)

where y, is the advancing surface energy on loading and yp is
the receding energy on unloading or separation, and where (yp — y4)
is the adhesion energy hysteresis per unit area measured during a
loading-unloading cycle. The first term is the so-called “adhesion-
controlled friction,” the second being the “load-controlled” contribution
(typically given by pL. where p is the friction coefficient). Adhesion-
controlled friction always dominates at low or zero loads, unless the
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force between the surfaces is repulsive (y = 0), which can occur in
liquids. The distance, J, is the characteristic (molecular or asperity)
length over which sliding must occur for the same number of bonds
to be broken, that is, for the same amount of energy to be dissipated,
in the two processes. This distance is expected to have molecular scale
dimensions. Note, too, that when comparing the two processes, the
time taken to slide laterally by a distance 6 should be the same as
the contact time in the adhesion cycle and the externally applied load
or pressure should also be the same. The factor ¢ (¢ < 1) accounts for
the less than full breaking of the bonds during a sliding cycle (see
Figure 1) and the less than full transfer of the energy to the lattice
during molecular collisions (as heat). The computation of ¢, which is
not a constant independent of the interfacial shearing velocity V,
remains one of the most challenging problems in the field.

Equation (1) shows that friction is expected to be correlated, not
with the adhesion per se, but with the nonreversible or Aysteretic part
of the adhesion energy during an adhesion cycle. This simple equation
has been found to predict the right qualitative trends in many systems
[1-5] and to give better than order of magnitude quantitative agree-
ment between measured friction forces and adhesion energy hyster-
esis of silica [3], polymer surfaces [1,2,5], and surfactant boundary
lubricant surfaces [4]. Figure 2 shows an example of this good agree-
ment. It shows the adhesion hysteresis (JKR plots) of two UV treated
(partially bond-broken) polystyrene surfaces. The measured contact
area, A, and friction force, F|, for this system measured at zero exter-
nal load (results not shown) were A = 1,260 um? and F| =5.8mN.
Inserting these values into Equation (1), and assuming ¢ ~ 1.6 nm
for the estimated maximum interdigitation length at the PS surfaces
[3], we obtain ¢~ 0.55, which is a reasonable value for the energy
transfer factor. It is noteworthy that a small adhesion hysteresis can
give rise to a large friction force, as found experimentally and pre-
dicted by Equation (1).

In many cases both the adhesion hysteresis and friction depend on
the rates of the measurements: the speed of loading and unloading,
V., or the sliding velocity, V. In the case of adhesion this means that
the surfaces are non-Newtonian and/or viscoelastic, while in the case
of friction that it depends on the sliding speed. More complex depen-
dencies are also usually implicated, such as the applied load, the pre-
vious history (e.g., the contact time), the sliding distance, etc., none of
which appear in Equation (1).

In the case of adhesion Figure 3(a) shows the normal force, F, as a
function of surface separation velocity, D (top axis), for two poly-
styrene surfaces (crossed cylinder or, equivalently, sphere on flat
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FIGURE 2 Loading-unloading JKR cycle for two polystyrene surfaces (MW
280,000, T, = 106°C) measured at T = ~23°C, giving (yg—ya) = 13.5+3.0
md /mz. (Adapted with permission from Chen, N. H., Maeda, N., Tirrell, M.,
Israelachvili, J., Macromolecules 38, 3491-3503 [2005]. Copyright [2005] by
the American Chemical Society.)
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FIGURE 3 (a) Adhesion limit cycle for the normal force, F,, versus the
Deborah number, De, dimensionless shear rate, vy, and the velocity of sur-
face-surface separation, D = dD/dt, of two polymer surfaces near Ty at a fixed
driving velocity of V, =0.017pm/s of the spring supporting the moving
surface, as measured in a Surface Forces Apparatus (SFA). De is defined in
Eq. 3, 7 is the relaxation time of the polymer at the experimental temperature,
7 is the maximum shear rate in the fluid for normal motion of a sphere near a
surface [6], 7 = (1/2)(3/2)”2>D(RY2/D??), which occurs at r = (2RD/3)"2.
Each cycle, starting at zero force, shows a slow increase in the separation,
D, and velocity, D, with increasing force, F',, followed by a very rapid acceler-
ation at almost constant force, followed by a decrease in both values as the sur-
faces slow down and come to a stop at zero force. The polymer was polystyrene
(MW 1300, T, = 39—45°C, experimental temperature 51°C). (b) Same as (a) but
for four different separation velocities, V| ; the lowest cycle being the same as
that shown in (a). (Figure 3[a] adapted with permission from Zeng, H. B.,
Maeda, N., Chen, N. H., Tirrell, M., Israelachvili, J., Macromolecules 39,
2350-2363 (2006). Copyright [2006] by the American Chemical Society.)



08:29 22 January 2011

Downl oaded At:

Limit Cycles in Dynamic Adhesion and Friction

937

geometry, with sphere radius R = 2cm). The surfaces were pulled
apart at a steady velocity of V, = 0.017 um/s (the pulling velocity on
the spring supporting the movable surface) for a certain time. At first,
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the surfaces separate very slowly (D <<V,), i.e., they are in a “stick”
regime. They then accelerate until (D ~ V), which coincides roughly
with the maximum force—the measured adhesion force or pull-off
force, F', = F,q. This is analogous to the start of a “slip” during
stick-slip sliding. The moving surface continues to accelerate rapidly
(note the log axis for D), then slows down, eventually coming to rest
as the force F, also falls to zero. Limit cycles for the force can also
be plotted against the Deborah Number, De, or shear rate, y (bottom
axis) [6], the time, ¢, or the surface separation, D. Figure 3(b) shows
the same plot as in (a) but for four different separation velocities V,
on linear scales.

Limit cycles have been studied and analyzed in great detail in the
case of (stick-slip) friction, but not in the case of adhesion. Theoretical
analyses have generally been in terms of rate and state models, chaos
theory and Lyapunov exponents [7-13]. Specific analyses of friction
limit cycles in the case of branched hydrocarbon and surfactant bound-
ary lubricants have shown that the number of variables or system para-
meters needed to describe such cycles are at least three [7,14]. The most
common parameters are the relaxation time 7 (at least one, describing
how the system relaxes to equilibrium after the externally applied
normal or shear force is removed), the adaptation time 7, (the time to
reach steady-state conditions after the application of the external
force, which is different from 1), and a state parameter, ®, describing
the state of the system as determined by the temperature, externally
applied force, previous history (memory effect), a characteristic length
scale, and the above two characteristic times of the system. All these
determine the instantaneous rate of motion (shear rate, velocity) and
the adhesion and friction forces, i.e., the state of the system, ©.

The same concepts may be expected to apply to adhesion cycles
where the normal forces, distances and velocities replace the lateral
or shear forces, velocities and distances. Thus, a “rate-and-state”
model for adhesion cycles (Figure 1, left) can be established as for
friction (Figure 1, right) [7-11]:

F, =F(V,,0) (2)

where O is the state variable, depending on all the experimental state
parameters such as temperature, molecular relaxation time(s), charac-
teristic length scales of the adhesive surfaces, and underlying sub-
strate material [15]: assuming the adhesive contact area A consists
of N independent bonds or adhesive “junctions,” a junction can detach
either spontaneously by thermal excitation or due to the external pull-
off force. Let 19 be the mean time to break a junction due to thermal
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fluctuations under zero normal stress. A dimensionless Deborah
Number during the adhesion cycle can be defined as [6]:

D
De = Tol—) (3)

In Surface Forces Apparatus (SFA) and most other types of
adhesion experiments, the time-dependent force F, (), and measured
pull-off force, Flaq, can be calculated by solving

mD = K[V .t —D(t) + Do) — F_(¢) (4)

where m is the mass of the adhesive surface, K is the spring stiffness,
and Dy is the initial surface separation. Usually the first inertial term
on the left side of Equation (4) is small and can be neglected. Then the
maximum force is always located at D = V| during the adhesion cycle.
The surface separation D is a function of time and depends on the
previous history, spring constant, and separation rate. The previous
history is in turn related to the lifetime of the adhesion junction and
other system and experimental parameters. However, an adhesion
junction is under a normal stress during the adhesion cycle. The
lifetime of a stressed junction can be expressed as [7]:

S exp< ‘;biT) (5)

where a is a constant with the dimension of a characteristic length and
T is the temperature.

Based on the above discussion all these make the maximum pull-off
force, F'| = F,4, not only rate dependent but also state dependent,
from which the effective surface energy, 7, and adhesion hysteresis,
Ay, can be estimated from Equations (6) and (7):

_FJ_ _Fad
"= BaR "~ pnR

(6)

Ay =7r —7a (7)

where f is a constant. f =4 is predicted by the Derjaguin-Muller-
Toporov (DMT) theory; =3 is predicted by the Johnson-Kendall-
Roberts (JKR) theory [6,15]. The adhesion hysteresis, Ay, during the
adhesion cycle can be also approximately established as the maxima
pull-off force times the critical separation distance, J., at pull-off
[13]. However, it should be noted that the pull-off force F', = F,4 also
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depends on the characteristic molecular length scale, o, of the adhesive
surfaces (Figure 1) and the critical separation, J., at pull-off.

In the case of friction a common manifestation of nonlinear behavior
is the occurrence of stick-slip motion over certain velocity regimes.
During stick-slip the surfaces are pushed by a force transmitted by a
spring or elastic element, but they initially do not move (actually, they
do move, but very slowly, i.e., they creep). This is the stick regime.
Then there is a rapid acceleration followed by a deceleration. This is
the slip regime. The process then repeats itself, either with a well-
defined periodicity (regular stick-slip) or with irregular frequencies
and amplitude (irregular, intermittent or chaotic stick-slip). Plots of
the friction force, F| (analogous to the normal force F,), versus the
interfacial shearing velocity V (analogous to the rate of change in sur-
face separation D) during stick-slip cycles invariably look like the
“limit cycles” shown in Figure 4.

The similarity in the shapes of the adhesion and friction limit cycles
is striking when the force-velocity functions, F, (D) and F|(V), are
compared. Thus, Figure 4(a), which shows the limit cycle when the
stick-slip was most pronounced and regular, is very similar to
Figure 3(b), both plotted on linear scales. At higher velocities, the
stick-slip disappears and the sliding is smooth. This is manifested by
the cycle collapsing into a point, as shown in Figure 4(d), where the
shear (sliding) velocity, V, equals the driving velocity V. At driving
velocities close to the critical velocity (Figure 4(c)) the stick-slip is
often erratic or “chaotic,” as also predicted by a number of theoretical
models [16-20]. With decreasing sliding velocity, as V| — 0, the stick-
slip and friction force also tend to zero (not shown in Figure 4 because
these ultra-low velocities were not attainable in these experiments),
and the limit cycle collapses as at high velocities. A similar trend
occurs in the adhesion cycles as the separation velocity is decreased:
the cycles collapse from top to bottom as the system approaches
equilibrium (nondissipative) conditions, as shown in Figure 3(b). At
the opposite extreme of very high normal velocities, V|, of approach
and separation, and infinitesimally short contact times (not attained
in these experiments), we again expected the cycles to collapse and
the adhesion hysteresis to vanish.

As mentioned above, there are a number of ways to plot limit cycles;
however, plotting the functions F', (D) and F| (V) is particularly useful
because the area of the cycle gives the (rate of) work done during each
cycle.

Note that the two surfaces do not have to end up in precisely the
same location to complete a cycle so long as they end up in the same
state. Thus, in Figures 1 (right) and 4, the surfaces are at a different
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FIGURE 4 Limit cycles of shear (friction) forces, F|, versus time, ¢, and
relative surface velocity, V, for ultra-thin squalane films between two mica
surfaces at different driving velocities, V||, of the spring supporting the moving
surface. For shear motion the relative surface velocity V and driving velocity
V| are analogous to the normal velocities D and V. in an adhesion cycle
(Figure 3). Experimental conditions are load L = 1.5 mN, lateral force-measur-
ing spring stiffness K = 1900 N/m at 26°C. Note that the area of each cycle
gives the rate of doing work (the power consumed) during each cycle [14].

location after each stick-slip event, but in the same thermodynamic or
dynamic state. Likewise for the adhesion cycles shown in Figure 3,
where the surfaces end in a different place after detachment, but with
near zero velocity D as at the “start.” After detachment only an infini-
tesimal force and velocity need be applied to bring the surfaces back
into adhesive contact and restart the process from the same state to
repeat or complete the cycle (as defined in Figure 1, left).

We may note other similarities and some differences in the limit
cycles of adhesive and frictional processes:
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(1) In both cases, the maximum (adhesion or friction) force occurs
when the relative surface velocity equals the driving velocity. The sur-
face velocity continues to increase after that point, but the force
decreases. This occurs only when the inertial terms are negligible
(e.g., the mD term in Equation [4]), as was the case in the two types
of experiments analyzed in Figures 3 and 4.

(2) In both cases the forces are not uniquely determined by the velo-
city, for example, a simple “velocity-dependent friction” function
F|(V), where F| increases then decreases with V. An additional vari-
able has to be included to describe these systems, as described above
and in Refs. [7] and [14].

(8) For viscous and viscoelastic fluids, such as polymers at
temperatures, T, close to or greater than Ty, both bulk flow (which
affects the bulk elastic modulus K appearing in the JKR equation)
and surface interdigitation effects (which affect y) modify the
adhesion and friction forces, and their limit cycles, in a funda-
mentally similar way. Basically, both processes involve both
bulk shear flow and surface motion—the differences being in the
directions of these motions and, therefore, the different contributions
they make to the measured adhesion and friction forces, and limit
cycles. For the system analyzed here, where T was close to Ty, it is
difficult and perhaps not possible to separate the two contributions.
For systems in the glassy state (T<<Ty), the effective surface
energy, 7, as measured from the pull-off force, F,q, using Equation
(6), will dominate both processes, with important contributions
coming from surface group interdigitation [1,5,21]. Surface heteroge-
neities such as roughness and lattice defects can also cause disconti-
nuities (erratic motion, stick-slip jumps or steps) both in the
adhesion [21-27] and friction [22]. In the other limit of T>> T,
and/or at very low pulling or sliding speeds, the situation is quite
different: the adhesion force is now determined mainly by 7y and
the friction or lubrication forces by the bulk or thin film viscosity
of the fluid.

Limit cycles provide information on the rate of energy dissipation
(the power consumed) during hysteretic adhesion and energy-
dissipating friction processes. They may, therefore, be a useful way
to characterize or quantify such irreversible processes, in the way that
the efficiency of a Carnot Cycle characterizes the total work done
during a reversible cycle. “Dynamic” phase diagrams have recently
been proposed for dissipative systems, for example, flowing colloidal
or granular systems [28,29]. Plotting the forces versus the distances
traveled or sheared (D rather than D) may be another way to express
the work done during such cycles.



08:29 22 January 2011

Downl oaded At:

Limit Cycles in Dynamic Adhesion and Friction 943

ACKNOWLEDGMENT

This work was supported by the Department of Energy under Grant
No. DE-FG02-87ER45331.

REFERENCES

[1] Chen, N. H., Maeda, N., Tirrell, M., and Israelachvili, J., Macromolecules 38, 3491—
3503 (2005).
[2] Schmitt, F. J., Yoshizawa, H., Schmidt, A., Duda, G., Knoll, W., Wegner, G., and
Israelachvili, J., Macromolecules 28, 3401-3410 (1995).
[3] Vigil, G., Xu, Z. H., Steinberg, S., and Israelachvili, J., J. Colloid Interface Sci. 165,
367-385 (1994).
[4] Yoshizawa, H., Chen, Y. L., and Israelachvili, J., J. Phys. Chem. 97, 4128-4140 (1993).
[5] Maeda, N., Chen, N. H., Tirrell, M., and Israelachvili, J. N., Science 297, 379-382 (2002).
[6] Zeng, H. B., Maeda, N., Chen, N. H., Tirrell, M., and Israelachvili, J., Macromole-
cules 39, 2350—2363 (2006).
[7] Drummond, C., Israelachvili, J., and Richetti, P., Phys. Rev. E 67, 066110 (2003).
[8] Abe, S., Dieterich, J. H., Mora, P., and Place, D., Pure Appl. Geophys. 159, 1967—
1983 (2002).
[9] Rice, J. R., Lapusta, N., and Ranjith, K., J. Mech. Phys. Solids 49, 1865—-1898 (2001).
[10] Carlson, J. M. and Batista, A. A., Phys. Rev. E 53, 4153-4165 (1996).
[11] Ruina, A., J. Geophys. Res. 88, 359-370 (1983).
[12] Israelachvili, J., Chen, Y. L., Yoshizawa, H., Steinberg, S., Vigil, G., and Xu, Z. G.,
Vide-Science Technique Et Applications 274, 8-13 (1994).
[13] Szoszkiewicz, R., Bhushan, B., Huey, B. D., Kulik, A. J., and Gremaud, G., JJ. Chem.
Phys. 122, 144708 (2005).
[14] Drummond, C. and Israelachvili, J., Phys. Rev. E 63, 041506: 1-11 (2001).
[15] Luengo, G., Pan, J. M., Heuberger, M., and Israelachvili, J. N., Langmuir 14,
3873-3881 (1998).
[16] Porto, M., Urbakh, M., and Klafter, J., Europhys. Lett. 50, 326-332 (2000).
[17] Robbins, M. O. and Thompson, P. A., Science 253, 916-916 (1991).
[18] Rozman, M. G., Urbakh, M., and Klafter, J., Phys. Rev. E 57, 7340-7343 (1998).
[19] Rozman, M. G., Urbakh, M., Klafter, J., and Elmer, F. J., J. Phys. Chem. B 102,
79247930 (1998).
[20] Thompson, P. A. and Robbins, M. O., Science 250, 792-794 (1990).
[21] Creton, C., Kramer, E. J., Brown, H. R., and Hui, C. Y., Adv. Polym. Sci. 156,
53-136 (2001).
[22] Berman, A. D., Ducker, W. A., and Israelachvili,J. N., Langmuir 12, 45594563 (1996).
[23] Pollock, H. M., Surface forces and adhesion, in Fundamentals of Friction,
I. L. Singer, and H. M. Pollock (Eds.) (Kluwer Academic Publishers, the Nether-
lands, 1992), pp. 77-94.
[24] Barenblatt, G. 1., Adv. Appl. Mech. 7, 55-129 (1962).
[25] Greenwood, J. A. and Johnson, K. L., Philos. Mag. A 43, 697-711 (1981).
[26] Maugis, D., Adherence and fracture, in Adhesive Bonding, L. H. Lee (Ed.), (Plenum
Press, New York, 1991), pp. 303-335.
[27] Israelachvili, J. and Berman, A., Proceedings of the International Tribology
Conference (Yokohama, 1883-1888 1995).
[28] Aranson I. S. and Tsimring L. S., Rev. Mod. Phys. 78, 641-692 (2006).
[29] Gollub, J. P. and Langer, J. S., Rev. Mod. Phys. 71, S396—-S403 (1999).



