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Identification of a Second Dynamic State 
During Stick-Slip Motion 

Hisae Yoshizawa, Patricia McGuiggan, Jacob Israelachvili* 
Stick-slip, or interrupted, motion rather than smooth uninterrupted motion occurs in many 
different phenomena such as friction, fluid flow, material fracture and wear, sound gen- 
eration, and sensory "texture." During stick-slip, a system is believed to undergo transitions 
between a static (solid-like) state and a kinetic (liquid-like) state. The stick-slip motion 
between various types of pretreated surfaces was measured, and a second, much more 
kinetic state that exhibits ultra-low friction was found. Transitions to and from this super- 
kinetic state also give rise to stick-slip motion but are fundamentally different from con- 
ventional static-kinetic transitions. The results here suggest practical conditions for the 
control of unwanted stick-slip and the attainment of ultra-low friction. 

Recent experiments (1-4) and computer 
simulations (5-8) have revealed that mole- 
cules at the interface between two sliding 
surfaces can have properties quite unlike 
their bulk properties. For example, simple 
liquids can undergo abrupt freezing-melting 
transitions during sliding (2) , a phenome- 
non that has been shown to result in "stick- 
slip" friction (6, 7), which is the major 
cause of damage to moving surfaces. The 
ability to produce durable low-friction sur- 
faces and lubricant fluids has become an 
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important factor in the miniaturization of 
moving components in many technological 
devices. These include magnetic storage 
and recording systems (computer disk 
heads), miniature motors, and many aero- 
space components. The success of these 
new materials depends on the production of 
moving surfaces that exhibit low friction 
(friction coefficients below 0.01) and 
smooth motion with no stick-slip. Stick- 
slip motion, however, is a much more 
common phenomenon (9, 10-1 8) and is 
central to understanding earthquakes (14) 
and granular flows (1 3, 17). 

Although the underlying physical pro- 
cesses are probably different in each case, 
most stick-slip phenomena exhibit some 

common features, such as an increased 
stick-slip frequency at higher shear rates 
and the disappearance of stick-slip above 
some critical velocity (2, 6, 7, 9-1 2). For 
this reason. theoretical models of these 
phenomena are usually similar (6, 7, 11- 
14). Thus. the existence of two states has 
become increasingly accepted: a "static," or 
solid-like, state, and a "kinetic," or fluid- 
like, state. In addition, the occurrence of 
stick-slip motion indicates that the system 
makes ueriodic transitions between these 
two states. Experimental and theoretical 
studies of liquid films (1, 2, 6, 7) and 
polymer fluids (10, 18) further show that 
the transition from stick to slip is analogous 
to a freezing-melting transition, which oc- 
curs when the applied shear stress reaches 
some critical value at which the solid-like 
order collapses into a disordered or liquid- 
like state. During the rapid slip, the elastic 
potential energy that was stored in the 
supporting material during the stick phase is 
transformed into kinetic energy (9). As slip 
proceeds, the two surfaces decelerate at a 
rate that depends on the inertial mass of the 
supporting material (7). This slowing oc- 
curs until the relative velocitv of the two 
surfaces is small enough to allow the inter- 
facial region to solidify again, after which 
the stick-slip cycle is repeated (6). Robbins 
and Thompson (7) have proposed that this 
critical velocity is given by 

where F, is the static friction force, a is a 
characteristic molecular or lattice dimen- 
sion, M is the mass of the supporting 
material, or stage, and C is a constant close 
to 0.05. If the shearing velocity v, is high 
enough, the interfacial region never solidi- 
fies, there is no stick-slip, and the two 
surfaces continue to move smoothly in the 
more fluid-like. kinetic state. The static 
and kinetic frictions are determined and 
measured solely by the properties of the 
shearing surfaces but only if sliding proceeds 
smoothly in one of those states. However, 
stick-slip behavior reflects transitions be- 
tween any two states whose frequency, am- 
ulitude and critical velocitv deuend on the 

1 .  

inertial and elastic propeities of the system 
(moving machine component or measuring 
instrument). For example, in the case of 
interfacial sliding v, depends directly on the 
inertia of the stage (Eq. 1). As a corollary 
to Eq. 1, Robbins and colleagues (1 9) have 
also found that the slip length is propor- 
tional to the inverse of the elastic stiffness 
of the svstem. which is eauivalent to the 
constant' of the spring that'is used to mea- 
sure the friction force in a surface forces 
apparatus (SFA) . 

A standard SFA (20) that was modified 
for shear studies (1, 2, 15) was used in the 
friction force experiments described here. 
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The friction SFA is based on the  in-on-flat Fig. 1. Exact reproductions of chart recorder , I I 
method (9), where two smooth surfaces can 
be moved toward or away from each other 
as well as slid (sheared) laterally past each 
other. Sliding is affected by moving a stage 
of mass M = 20 g horizontally at some fixed 
velocity, u. This stage is coupled to one of 
the surfaces with a spring that measures the 
friction force: the spring's deflection. during 
motion gives the friction force, F (1, 2). In 
these studies, we used a variety of untreated 
and surfactant-coated mica surfaces. The 
latter are particularly suitable for such stud- 
ies because they can be transformed into 
well-characterized. molecularlv smooth sur- 
faces with a wide range of surface molecular 
configurations: solid, crystalline, amor- 
phous, fluid-like, and liquid-like (2 1 ) . In 
addition, surfactant monolayers have long 
been used as boundary lubricants to reduce 
the friction and wear of surfaces (22), al- 
though their tribological behavior at the 
molecular level is still not fully understood 
(23). We describe our results first for un- ~, 

treated mica surfaces across a thin hydro- 
carbon liquid film and then for surfactant- 
coated surfaces that have the same mole- 
cules end-attached to them. 

Figure 1 shows friction traces that are 
typical when two molecularly smooth sur- 
faces of mica slide Dast each other while 
separated by molecularly thin films of hexa- 
deca-ne. The stick-slip is of the convention- 
al static-kinetic type and disappears above 
some critical shearing velocity, u, = 0.4 
pm s-'. Qualitatively similar experimental 
results have been obtained with many other 
liquid-like systems (1, 2, 15). In addition, 
recent computer simulations have satisfac- 
torily explained this type of stick-slip in 
terms of freezing-melting cycles of the con- 
fined liquid films (6, 7) and have provided a 
relation between u, and other properties of 
the system as expressed by Eq. 1. Thus, 
with the values, F, = 6 mN, a = 0.4 nm 
(the hydrocarbon chain diameter), M = 20 
g (the mass of the supporting stage), and C 
= 0.05 inserted in Eq. 1, we obtain pi, = 
0.5 pm s-', which is close to the measured 
critical velocity of -0.4 pm s-'. 

We also obtained friction traces with 
two surfactant monolayer-coated mica sur- 
faces (Fig. 2). Each layer is composed of 
hexadecvl chains that are attached at one 
end to the mica surface (in contrast to the 
free hexadecane chains of Fig. 1). The 
results show that, in addition to transitions 
between the static and kinetic states at low 
shear rates (u << 0.1 pm s-'), another 
stick-slip regime appears at much higher 
velocities (u: > 0.3 pm s-I). Increases in 
the temperature and the relative humidity 
reduced u: and facilitated transitions to this 
more kinetic state (inset, Fig. 2), probably 
because the changes in these factors help 
soften the monolayers (24). The phenom- 

traces of the frlction force of a hexadecane 5 101 v=0,08 38 e9 v=O,10 
(C,,H,,) film between two shearing mica surfac- 8 - - 

es at increasing sliding velocities, v (in microme- F~ 

ters per second) A modified (%A) ( I ,  2) was fi /$1 ]u used that allows for s~multaneous measurements ,p 2 - 
Fk of the normal awolied load (L). the contact area i; n 

(A) , theapP l iedpressure (~=  L/A),thethick- "1 I I I , I I d 
ness of the liquid film (D), and the shear rate (T = O 500 1 00 

Time (s) 
v/D) between the two sliding surfaces. Experi- 
mental conditions: L = 11.2 x N, A = 4.3 x m2, P = UA = 2.6 x l o 6  N m-', D = 0.4 
to 0.8 nm, v = 0.08 to 0.4 bm s-' (T = lo3  S-l); the atmosphere was dry N2 gas [relative humidity 
(RH) = 0%] and T = 18°C. With increasing v, the stick-slip spikes generally Increase in frequency 
and decrease in magnitude. As the critical sliding velocity vc is approached, the spikes become 
erratic and eventually disappear at v = vc (2, 6, 7). At higher values of v the sliding continues 
smoothly in the kinetic state. In this system, the static friction coefficient was p, = static force of 
friction (F,)IL = 0.5, the kinetic friction coefficient was yk = the kinetic force of friction (Fk)IL = 0.25, 
and v, = 0.4 bm s-l ,  which corresponds to a critical shear rate of T, = v,/D -- l o 3  s- l .  

enon of two distinct stick-slip regimes that 
occur in the same svstem has not been 
observed with the free hydrocarbon liquids 
or with anv other liauid studied, nor has it 
been reporied in otter tribological or non- 
tribological systems. However it may have 
been observed unknowingly. 

On closer scrutiny, one finds that the 
stick-slip transitions that occur at higher 
sliding speeds (type 11) are quite different 
from the conventional static-kinetic transi- 
tions (type I). The most striking difference is 
that type I1 spikes are all "inverted," falling 
below the smooth kinetic friction base line 
rather than rising above it, as is generally 
observed with type I transitions (Fig. 1) (2, 
6, 15). A number of other experimental 
observations further indicate that tvDe I1 , . 
stick-slip is fundamentally different from 
normal static-kinetic stick-slip: (i) Type I 
stick-slip always disappears above some crit- 
ical velocity; that of type I1 always appears 
above some critical velocity; (ii) type I 
stick-slip can be made to disappear with 

increasing load and type I1 comes in above 
some critical load; and (iii) type I1 stick-slip 
has only been seen with surfactant boundary 
layer lubricants but not with other surfaces, 
whether unlubricated or liquid-lubricated 
(1, 2, 15). Another, more qualitative obser- 
vation is that during type I1 stick-slip the 
friction falls to much lower values than 
during conventional type I stick-slip. 

The data in Fig. 2 suggest that with 
increasing velocity the system starts to make 
transitions from the kinetic state, which 
already exhibits a low friction coefficient of 
0.01 to 0.03, to an even more kinetic state 
that exhibits ultralow friction with coeffi- 
cients well below 0.01. During slips to the 
superkinetic state, the friction often falls 
transiently to, or even below, zero. This 
"negative" friction force should not be con- 
strued as a steady-state negative friction 
coefficient, which is thermodynamically im- 
possible, but rather is a transient overshoot 
that arises from the finite inertial damping of 
the surfaces and their support. Thus, if the 

Fig. 2. Measured friction traces 
at increasing v (in micrometers 
per second) of end-attached hy- 
drocarbon chains on mica under 
similar sliding conditions to 
those in Fig. 1. Double-chained 
surfactant monolayers of DHDAt 5 - 
[(C16H33)2-(C2H6N+)l were de- o 
posited on mica surfaces as de- $ scribed in (2, 24). The positively - 
charged headgroups of the .i e0.3 v=0.4 
DHDA+ molecules adhere .% 
strongly to the negatively 
charged mica surfaces and did 
not come off during sliding. Ex- 
perimental conditions: monolay- 00 
er coverage was 35 ? 5 A2 per Time (s) 
hydrocarbon chain, D = 3.6 nm, 
L = 19 to 31 mN, and A = 3.6 to 6.0 x m2. Conditions in main figure (T = 25"C, RH = 

0%): vc < 0.01 bm s-I  (only one static-kinetic stick-slip spike is shown on the far top left), v*, = 
0.4 bm s- l ,  bs = FsIL = 14.6 x 10-3/19.3 x = 0.75, bk = Fk/L = 0.4 x 10-3128 x 
= 0.015, and the superkinetic friction coefficient bsk = Fsk/L = 0.003. Conditions in inset (T  = 
2g°C, RH = 100%): v*, -- 0.1 pm s-l ,  bk = 1.0 x 10-3/30 x = 0.03, bsk = 0.005. Note the 
extended sliding, with some noise, both in the kinetic state (for -15 s) and in the superkinetic 
state (for -1 0 s). 
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state that exhibits normal friction and a 

Load (mN) 

Fig. 3. Effect of temperature on Fs and Fk of a 
free hexadecane film between two mica surfac- 
es. Experimental conditions were similar to 
those of Fig. 1, with v = 0.4 p m  s-'; at 17"C, p, 
= 1 .O and pk = 0.7; and at 25"C, ps = 0.25 and 
pk = 0.1. 

transition from kinetic to superkinetic states 
is triggered by the sudden drop in friction 
force from Fk to a much smaller Fsk, then 
during the slip the measured friction will, 
depending on the mechanical damping of 
the system, fall directly to a new steady-state 
value at Fsk, slip momentarily below Fsk 
before equilibrating at F,, or slip and then 
immediately stick again to return to the 
kinetic state at Fk. The inset to Fig. 2 shows 
examples of all three types of phenomena. 
To eliminate the possibility that extraneous 
mechanical vibrations in the apparatus 
caused the observed effects, we mention that 
similar (type 11) stick-slip friction is mea- 
sured when a nonmechanical piezoelectric- 
bimorph stage is used (25). In addition, the 
friction is strongly influenced by changes in 
the relative humidity, temperature, and type 
of boundary lubricant layer used (25), al- 
though none of these factors affects the 
mechanical properties of the apparatus. 

Temperature-dependent studies revealed 
further systematic differences between the 
two types of stick-slip. Figure 3 shows how 
the static and kinetic frictions of a free 
(unanchored) liquid hexadecane film vary 
with applied load at two different tempera- 
tures. The data conform to the expected 
behavior for normal stick-slip: The friction 
increases roughly linearly with increasing 
load (Amonton's law) and decreases with 
increasing temperature. The latter trend is 
due to the increased fluiditv and mobilitv of 
the hydrocarbon molecules as tempera;ure 
increases, which results in a reduced friction 
similar to the reduced viscosity of a liquid at 
higher temperatures. 

In contrast (Fig. 4), over the same tem- 
perature range the stick-slip friction of the 
anchored molecules is auite different: The 
kinetic friction increases with increasing 

Load (mN) 

Fig. 4. Effect of temperature on Fk of a surfac- 
tant film of CTAt [Cl,H,, - N(CH,)t,] between 
two mica surfaces. Experimental conditions 
were similar to those of Fig. 2, with v =.0.2 p m  
s-' and RH = 0%. At 15"C, pk = 0.012, and at 
25"C, pk = 0.025. The superkinetic friction is 
not shown because it was close to zero at all 
loads (Fig. 2) and was too small to be mea- 
sured accurately. 

temperature, whereas the superkinetic fric- 
tion remains small at all temueratures and 
loads. The increase in friction with temper- 
ature is particularly unexpected. Further- 
more, on the basis of previous studies of 
polymer and hydrocarbon chain interdigita- 
tion effects (21), this increase suggests that 
the higher temperature allows for greater 
hvdrocarbon chain intesdieitation to occur u 

(by way of interdiffusion or reptation) across 
the interface, which enhances the frictional 
forces (25). This interpretation further sug- 
gests that in the kinetic state the chains 
within the film are not in a true liauid state 
but in some gel-like or ductile glassy state 
where chain reconfigurations are highly re- 
stricted and occur much more slowly than in 
the bulk liquid (4, 8). 

When studied over a limited range of 
experimental conditions, the inverted stick- 
slip pattern characteristic of kinetic-super- 
kinetic transitions (Fig. 2) may often be 
indistinguishable from static-kinetic stick- 
slip (Fig. 1). Superkinetic stick-slip may 
therefore occur in many systems where nor- 
mal stick-slip has been reported. A number 
of exuerimental studies have shown that 
end-attached hydrocarbon or polymer chains 
perform as better boundary lubricants than 
unbound chains (free liquid films) (26, 27). 
Their behavior may be due to superkinetic 
sliding at the shearing asperity junctions. In 
addition, the ultra-low friction we have 
measured occurs without a liquid lubricant 
and at high loads. Thus, this condition is 
auite different from situations in which a 
repulsive force b e ~ e e n  two surfaces in a 
liquid keeps them apart (20), resulting in a 
large gap thickness and low friction. 

As we consider the possible molecular 
configurations in a thin film during super- 
kinetic sliding, our results show that this 
"shear-thinning" effect is not gradual, as in 
bulk polymer (18) or colloidal (28) systems. 
Moreover. it involves a discontinuous tran- 
sition, probably between a disordered kinetic 

more ordered state that exhibits ultra-low 
friction. From our limited results, it appears 
that this effect can arise only when the 
sheared molecules are functionally end-at- 
tached to each surface. This process is prob- 
ably required for the molecules to become 
uniformly shear-aligned, as each layer is 
"combed" by the other. In contrast, unat- 
tached molecules. or attached molecules at 
low shear rates (v < v:), that remain inter- 
digitated or entangled within the film, retain 
a higher resistance to motion when sliding in 
the kinetic state. Furthermore, many ther- 
motropic and lyotropic liquid crystal films 
exhibit lower friction in the more ordered, 
smectic or lamellar states than in the more 
disordered, and therefore more entangled, 
nematic or isotropic states (29). One may 
further speculate that because liquid crystals 
and surfactant monolayers have a large vari- 
ety of different equilibrium phase states (30) 
other types of "dynamic" phase states may 
also exist. 

The idea of some superkinetic but ordered 
state may seem contradictory: that of a fluid 
becoming more compact and ordered, and 
thus more solid-like from a structural aspect, 
but flowing more easily and thus becoming 
more liquid-like from a dynamic aspect. The 
physical or molecular mechanisms that under- 
lie this type of dynamic phase transition have 
not been investigated because the high shear 
rates required are rarely encountered in prac- 
tice in bulk complex-fluid systems. However, 
high shear rates are commonly attained at the 
interface between two shearing surfaces be- 
cause the entire velocity gradient occurs 
across a film of molecular dimensions. Thus, 
what may be a rare phenomenon in bulk flow 
may be common at interfaces. 
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plain the correlation between subduction 
rate changes and the superplume events 
(10) that occurred 120 million years ago 
and led to the unusuallv raoid ~roduc t ion  . . 
of the oceanic crust and the stabilization 
of the polarity of the Earth's magnetic 
field. The instability bears no resemblance 
to local boundary-layer instabilities that 
are seen in models of convection without 
phase changes. This global instability, 
which is produced by phase transitions, 
was first observed in 2-D models (6, 7), 
but these 3-D simulations have confirmed 
their existence. 

The model that we used is based on a 
Cartesian geometry with an aspect ratio of 
5 by 5 by 1, with unity being the depth 
of the laver. A mantle d e ~ t h  of 2000 
km is asslmed in which th'e two major 

shown the importance of including the 
second phase transition, olivine to spinel, 
at a depth of 400 km. In this report, we 
present results from 3-D numerical simula- 
tions of mantle convection with both major 
phase transitions and discuss an instability 

S. Honda, Department of Earth and Planetary Systems 
Sc~ence, Un~vers~ty of H~rosh~ma. Higashl-H~rosh~ma 
724, Japan. 
D A Yuen and D Reuteler, M~nnesota Supercom- 
puter lnst~tute and Department of Geology and Geo- 
phys~cs Un~verslty of M~nnesota M~nneapolls MN 
55415 
S Balachandar Department of Theoret~cal and Ap- 
p l~ed Mechanics Un~verslty of l l l~no~s Urbana IL 
61801 

Fig. 1. Sequence of snapshots of temperature T Sequence of events beglns wlth the top left 
panel, goes down the column and continues wlth the rlght column, golng down at equal tlme 
~ntervals. The flrst and last frames represent t = 0.010 (1.270 bllllon years) and t = 0.0125 (1.588 
billion years). Cold and hot anomalies have been volume-rendered in blue and yellow hues, 
respectively, as lndlcated by the color bar. The void represents values close to the average value 
of 0.5. The aspect ratlo of thls 3-D box IS 5 by 5 by 1 
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