
dilute acid solution. The microradiographs 
show the evolution of the ions diffusing 
from the metal to the solution. 

The small black zones on the left of each 
image in Fig. 2A, caused by corrosion pits 
on the metallic sheet, show the progressive 
erosion of the metal (negative absorption 
because of the subtraction). Light regions , - - 
in the center of the images show the diffu- 
sion process, and dark zones correspond to 
hydrogen (Hz) bubbles, which reduce the 
layer thickness of the Zn2+ ions and locally 
decrease the x-ray absorption. We do not 
see, as was nai'vely expected, a front of 
Zn2+ ions moving perpendicular to the zinc 
electrode because, in fact, this chemical 
reaction is associated with com~licated mi- 
croscopic phenomena, such as the creation 
of a turbulent medium caused by the gas 
release. Therefore, this experiment demon- 
strates that this phenomenon is a complex 
process that cannot be studied with a one- 
dimensional Fick's law. 

In the reaction with the zinc   el lets 
(Fig. 3), we see the evolution of a front of 
Zn2+ ions. limited bv the walls of the cell. 
complicated by the production and move: 
ment of H2 bubbles and by the concentra- 
tion gradient [decreases from the top left of 
each image (where the zinc pellets were 
situated) to the bottom right]. These images 
show what happens in a general case, with- 
out any particular geometry for the metallic 
specimen. The spherical edges of the front 
give rise to two menisci (observed from t = 
360 s). These menisci result from the for- 
mation of H, bubbles. All of these images - 
show the influence of the gas release in the 
creation of a turbulent medium that leads to 
heterogeneous diffusion. 

To quantify the distribution of the Zn2+ 
ions moving into the liquid, we obtain pt 
maps for each stage of the diffusion and 
convert them into concentration maps. It is 
possible to see how a given concentration 
profile C(x,yo,t) (Fig. 4A) or a local con- 
centration C(xo,yo,t) at a given point 
(xo,yo) (Fig. 4B), expressed in zinc atoms 
per H,O molecule, changes with time. We 
can also delimit isoconcentration lines on 
each initial microradiograph (Fig. 4C). 

Our techniaue. characterized bv its ease . , 

of operation (a modified scanning electron 
microscope), good sensitivity, and sufficient 
spatial resolution for this type of study, offers 
the possibility of evaluating the local con- 
centration of the solvated species, even in a 
colorless solution, such as zinc in hydrochlo- 
ric acid. We believe that this technique can 
be adapted to a wide field of applications, 
including the visualization of ionic species 
migration during electrochemical processes, 
the diffusion of ionic particles in a porous 
medium, or the diffusion of K+, Na+, and 
Ca2+ ions in biological materials with a ., 
lateral resolution of a few micrometers. 
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From Static to Kinetic Friction in 
Confined Liquid Films 

Giinter Reiter, A. Levent Demirel, Steve Granick* 
The transition from rest to sliding contact of atomically smooth solids separated by mo- 
lecularly thin liquid films was studied. The films could be deformed nearly reversibly to. a 
large fraction of the film thickness. The modulus of elasticity and yield stress were low, 
considerably less than for a molecular crystal or glass in the bulk. The transition to 
dissipative sliding was typically (but not always) discontinuous. The dissipative stress was 
then nearly velocity-independent. The similar response of monolayers strongly attached 
tq the solid surfaces, presenting a well-defined interface for sliding, suggests that the 
physical mechanism of sliding may involve wall slip. 

N o t  enough is understood about friction 
(1-5). This impedes progress not only on 
workaday problems of tribology but also on 
other complex dynamical problems such as 
.earthquakes. An essential fact to appreciate 
is that solid bodies in contact are nearly 
always lubricated, either by liquids or addi- 
tives that are intentionally added or by 
condensed vapors. However, confined liq- 
uids were recently found to exhibit patterns 
of friction normally associated with the 
deformation of solids. This result, first pro- 
posed in the engineering literature (6-8), 
has now also emerged for films that are 
molecularly thin (9, 10). However, in all of 
these experiments the displacements were 
large, too large to investigate decisively the 
transition from static to kinetic friction. 

A surface forces apparatus with oscilla- 
tory shear attachment was used (1 0, 1 1). In 
previous work we investigated the per- 
turbed liquid-like response of thicker con- 
fined liquid films (5, 10); here we investi- 
gate the solidity (4, 5, 9, 10) of thinner 
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films. The liquid of interest was confined 
between two circular parallel sheets of 
atomically smooth mica whose diameter 
was vast (=I0 pm) compared to the mo- 
lecularly thin distance between them. The 
film thickness and area of flattened contact 
were measured by multiple-beam interfer- 
ometry. Sinusoidal shear forces wete ap- 
plied by a piezoelectric element. A second 
sensor piezoelectric element was used to 
detect the resulting response, which was 
compared with the force required to deform 
this element when no liquid was present 
(1 2). The temperature was 27°C. 

The contributions of the mechanical 
response of the apparatus, especially of the- 
glue that attached the mica to the rest of 
the device (I I), were calibrated with the 
mica surfaces in dry adhesive contact. Mea- 
surements with confined liquids were then 
analyzed with the use of a model in which 
the calibrated apparatus response coupled 
mechanically with the thin-film sample 
(12). With regard to the uncertainties of 
calibration, a conservatively low bound of 
glue stiffness was assumed. Consequently, 
deformations of the thin-film samples might 
be larger (perhaps by up to 50%) than those 
we describe below, but not smaller. 
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The linear viscoelastic response is illus- 
trated in Fig. 1; the significance of linear 
response is that the ultra-small deforma- 
tions did not perturb the film structure. The 
data refer to a film of squalane (SQA), 
C,,H,,, 2 nm thick. Squalane is a small 
branched hydrocarbon often used as a mod- 
el lubricant. The deflection amplitude, do, 
rises linearly with driving force amplitude 
in Fig. 1A. Force was applied in a periodic 
fashion, f(t) = fo sin o,t, where t is time, o, 
is the radian frequency, and f, is the force 
amplitude. The resulting deflection was pe- 
riodic at the same frequency, with ampli- 
tude do, but retarded in phase. At a yield 
point, indicated by the arrow in Fig. IA, 
deflection jumped discontinuously. We 
identify this peak elastic force with the 
static friction. 

A low level of elastic energy per mole- 
cule was stored at this yield point. Elastic 
energy is, of course, simply calculated as the 
product of the driving force and the result- 
ing deformation. For the data in Fig. 1, this 
value is only -0.1 kT per molecule (k is the 
Boltzmann constant and T is the absolute 
temuerature) . 

These data are also conveniently quan- 
tified as viscoelastic moduli. Force was nor- 
malized by area to give stress. By conven- 
tional methods (1 3), the elastic and dissi- 
pative responding stresses were calculated 
from the comuonents of deflection that 
were in phase -and out of phase with the 
driving stress. These stress values were nor- 
malized by strain to give the elastic and 
dissipative shear moduli, G' and G", re- 
spectively, of Fig. 1B. The values for G' 
exceeded those for G", reflecting predomi- 
nant elasticity. Control experiments indi- 
cated no frequency dependence over the 
frequencies studied, 0.03 to 20 Hz, con- 
firming that the films acted as classic vis- 
coelastic solids. 

This level of elasticity is three orders of 
magnitude less than would be typical of a 

Fig. 1. Viscoelastic measurements 
of squalane films confined be- 250r 
tween atomically smooth sheets of 
mica at a thickness of 2.0 nm and a 
net normal pressure of = I  MPa. 
Data are taken at 1.3 Hz in the 
direction of increasing deflection 
amplitude (do). (A) Force ampli- 
tude (f,) versus do. The arrow in- 
dicates the yield point. (8) For the 
same data shown in (A), storage 
modulus, G' (filled squares), and 
loss modulus, G" (open squares), 
plotted against deflection ampli- 
tude. 

glass or crystal in the bulk (1 3). It is difficult 
to reconcile this low elasticitv with the 
crystalline or glassy states that researchers 
in this laboratorv and in others (4. 5. . ., , 

14-1 7) have supposed to cause solidity of 
ultrathin films. In addition, G' and G were 
constant up to deflections amounting to a 
large fraction of the film thickness, again in 
contrast to a crystal or glass in the bulk. 
Control experiments in other systems con- 
firmed this phenomenon. This thin liquid 
film behaved as a "soft" solid. 

The exuerimental observation is clear. 
although explanation, in terms of collective 
caged motions, is still conjectural (18). In 
fact, this "soft" solidity served a useful 
function: It ensured that yield took place 
somewhere in the thin film rather than by 
the degradation of the sliding surfaces. 

Although deformation below the yield 
transition was absolutely sinusoidal, it was 
not so after the yield. The distortions of 
waveforms were measured when the defor- 
mation caused the film to yield (Fig. 2). 
We interpret the breaks in the waveforms 
to indicate that "stick" (at small deflec- 
tions) gave way to "slip" (at larger deflec- 
tions). Such transitions were quantitative- 
ly reproducible during many repetitions. 
The distortions in Fig. 2 happen at the 
same fraction of a period independent of 
frequency, indicating a constant yield 
stress at the point of slip. Fourier trans- 
forms of such distorted waveforms can be 
analvzed in the context of uatterns of 
stick-slip behavior that have 'been much 
discussed recentlv (1 9). , ~ ,  

Here we analyze the simplest case, the 
motion at the freauencv of the drive force. 
o,. This analysis was done not just for 
simplicity but also because, owing to the 
cancellation of higher harmonic contribu- 
tions, only the fundamental frequency re- 
sponse of a sinusoidally periodic experiment 
determines the energy that is lost during a 
cycle of oscillation (20). 

As in earlier work (5), we found that the 
reducing variable necessary to analyze the 
dissipative stress at the fundamental frequen- 
cy at large deformation was velocity. This 
conclusion followed because, when ampli- 
tude and frequency were varied separately, 
the dissipative stress depended only on their 
~roduct. Here we have defined ueak velocitv 
as the product of frequency and deflection 
amplitude. 

The dissipative stress after yield is asso- 
ciated with the kinetic friction. The veloc- 
ity dependence is shown in Fig. 3. Here, 
with squalane films in a different experi- 
ment, the elastic and dissipative stress 
and u,,,~~,, respectively) are plotted against 
peak velocity on log-log scales. Dissipative 
stress was rate-independent in the range of 
1 to 100 nm sec-', with a strong upturn at 
larger velocities. This near rate indepen- 
dence of u ~ , , ~ ~ ,  decisively confirms measure- 
ments of Israelachvili and McGuiggan, in 
which the rate wis varied over a smaller 
range in steady-state sliding (9). There was 
a persistent elastic stress even after yield, 
indicating a deformed structure that could - 
not fully relax during the period of an 
oscillation. However, decreased as the 
deflection increased (at constant frequen- 
cy), indicating that faster movement result- 
ed in lower elasticity. The weak depen- 
dence of dissipative stress on velocity (Fig. 
3) is unlike any response of a bulk liquid. 
This weak dependence suggests that the 
mechanism of flow after yield may not 
involve a solid-to-liquid transition, as has 
been widelv assumed: an alternative inter- 
pretation is' presented below. 

We now contrast the transition from 

Fig. 2. Distortions observed in the .responding 
waveforms when the deflection was so large as 
to pass the yield point during a cycle of oscil- 
lation. Amplitude is constant and frequency is 
varied, so peak velocity during oscillation is 
varied. Voltage (arbitrary units) is plotted 
against the fraction of a period. Note that the 
yield, indicated by vertical dashed lines, hap- 
pens at the same fraction of a period regard- 
less of frequency, indicating a constant yield 
stress at the point of slip (frequency values by 
each trace are in hertz). In contrast, motion 
below the yield transition was sinusoidal. 
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static to kinetic response in three systems: a 
thin film of SQA liquid, a dry monolayer of 
octadecyl chains (OTE) strongly bound to 
the mica surfaces, and a thin film of perflu- 
oroether liquid. Perfluoroethers, of which 
perfluoroheptaglyme [CF,O(CF,CF,O) -/ CF,; 
PFG] is an example, are an important family 
of lubricants. The elastic and dissipative 
stresses are plotted against peak deflection in 
Fig. 4.. Because the frequency was constant, 
deflection after the yield point was propor- 
tional to velocitv. 

First we compare the friction associated 
with the confined liquid, SQA, to that in a 
system (OTE) in which only solid friction 
should be possible, because the strongly 
bound monolayers present a well-defined 
interface for sliding. The procedure to blan- 
ket the native mica surface with a self- 
assembled monolayer of condensed octade- 
cyl chains has been described (21). The 
procedure was modified to lower the adhe- 
sion between two opposed layers, to the 
point where tangential slip could be studied. 
The pattern of yield stress, followed by a 
kinetic state of predominant dissipation, was 
essentially the same for OTE as for SQA. 

In fact, these data for SQA and OTE are 
reminiscent of usual stress-strain relations of 
many bulk solids: metals, polymers, granular 
powders (22, 23), and concentrated colloi- 
dal suspensions (24-26). We suggest tenta- 
tively that in the present systems, as for the 
yield of bulk solids, the mechanism of rate- 
independent friction may also involve wall 
slip. Motion would then be accomplished by 
the sliding of layers past one another rather 
than by a more homogeneous liquid-like 
deformation (1 3, 27). Certainly in the OTE 
system, the only plausible mechanism of 
sliding is that the opposed monolayers, each 

Fig. 3. Velocity dependence of stress for 
squalane confined between atomically smooth 
sheets of mica at a thickness of 2.3 nm and a 
net normal pressure of =1 MPa. Dissipative 
stress (top curve) and elastic stress (bottom 
curve) are plotted on log-log scales against 
peak velocity during a cycle of oscillation, as 
described in the text. The oscillation drive am- 
plitudes were 15 nm (squares), 20 nm (circles), 
25 nm (triangles), and 50 nm (diamonds). The 
frequency was varied from 0.05 to 260 Hz. 

one strongly bound to a mica surface, slid 
over one another. 

In other experiments with SQA con- 
fined between OTE monolayers, which are 
only partially wet by organic liquids because 
the surface energy of OTE is so low (2 I) ,  we 
also observed rate-independent sliding. The 
position of the slip plane should be a func- 
tion of the surface energy. In the present 
experiments with mica, slip may occur 
within the thin film; adsorbed SQA layers 
may slip against one another. For solids of 
low surface energy, such as OTE, slip may 
take ulace at the solid wall. 

What might be the underlying structural 
changes? In the vield of bulk solids. an - 
increase of volume appears to be the mech- 
anism by which rate-independent sliding is 
achieved at constant pressure (22). Similar- 
ly, increases in film thickness (though by 
less than the experimental resolution of 1 to 
2 A) are reasonable to expect in the present 
systems and are predicted in computer sim- 
ulations of confined liquids (1 6). Such in- 
creases should be accompanied by forces 
that act in the direction normal to the 

Fig. 4. Transition from static to kinetic friction in 
three systems. Data are taken at 1.3 Hz in the 
direction of increasing deflection amplitude, do. 
Dissipative stress (open squares) and elastic 
stress (filled circles) are plotted versus do. Note 
that do is proportional to peak velocity. (A) 
Squalane system specified in Fig. 1. (B) Perflu- 
oroheptaglyme confined between atomically 
smooth mica sheets at a thickness of 1.2 nm 
and net normal pressure of =I MPa. (C) Octa- 
decyl chains strongly attached to the solid 
surfaces to form opposed monolayers with a 
total thickness of 5 nm. The OTE monolayers 
are in dry adhesive contact (net normal pres- 
sure of =O MPa); 

sliding direction. These normal forces, 
which are not predicted by standard lubri- 
cation theories (I), would then help to 
prevent the solid bodies from making actual 
contact during sliding. This would imply 
lower adhesion during sliding than in the 
stationarv state. We have observed this 
effect. 

The hvsteresis and reversibilitv of such 
experiments are also worth comment. As 
the deflection amplitude during oscillation 
was lowered, at some point of low deflec- 
tion the system would spring from the 
kinetic sliding back into the elastic solid 
state. The point of these reverse transitions 
was not, however, reproducible. The tran- 
sition point appeared to depend either on 
fluctuations within the svstem or on small 
disturbances such as vibrations in the room; 
we coniecture that this deuendence reflect- 
ed irregular nucleation events. Apart from 
these points close to the transition that 
suggest a metastable response, the behavior 
in SQA and OTE systems could be recycled 
forward and backward for hours during re- 
peated oscillations, indicating the absence 
of surface degradation. u 

In other systems, we found that the 
dissipative stress after yield was higher than 
the yield stress-the kinetic friction ex- 
ceeded the static friction. This relation is 
illustrated by the behavior of PFG (Fig. 
4B). In linear responses at small deforma- 
tions, the viscoelastic moduli (G' = 4.2 
MPa and G = 0.2 MPa for the data in Fig. 
4B) were comparable to those of squalane 
shown in Fig. 1. The large dissipative stress 
after yield is consistent with previous re- 
ports that the friction of perfluorinated 
monolayers is unusually large (28). In addi- 
tion, there was no zone of rate-independent 
response. In this sense, the response was 
reminiscent of the perturbed liquid-like be- 
havior studied previously (5) .  Patterns of 
this kind were also observed for SQA and 
the other liauids referred to above. but onlv 
at lower normal pressures. Although we do 
not offer an exulanation of this difference, 
we do note that the tendency toward more 
snappy yield with increased normal pressure 
is intuitively reasonable. The contrast be- 
tween the continuous transition of PFG and 
the discontinuous transitions of OTE and 
SQA illustrates the danger of generalizing 
about the transition between static and 
kinetic friction. 

This studv shows that molecularlv thin 
liquid films in the elastic rest state are very 
different from solids in the bulk: Thev are 
much weaker, and more deformable, than a 
molecular crvstal or elass. The transition to - 
the kinetic state is reminiscent of the "shear 
melting" of colloids; however this phenom- 
enon may reflect wall slip, not a solid-liquid 
transition. "Soft" elasticitv in the rest state 
helps one to understand a hseful function of 

SCIENCE VOL. 263 25 MARCH 1994 



lubrication: At the start-up of motion, yield 
occurs within the thin liquid film rather 
than by the degradation of solid surfaces. 
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Defects in Carbon Nanostructures 

0. Zhou, R. M. Fleming, D. W. Murphy, C. H. Chen, 
R. C. Haddon, A. P. Ramirez, S. H. Glarum 

Previous high-resolution electron microscopy (HREM) observations of the carbon nano- 
tubes have led to a "Russian doll" structural model that is based on hollow concentric 
cylinders capped at both ends. The structures of the carbon nanotubes and particles were 
characterized here by bulk physical and chemical property measurements. The individual 
nanostructure is as compressible as graphite in the c axis, and such nanostructures can 
be intercalated with potassium and rubidium, leading to a saturation composition of "MC,." 
These results are counter to expectations that are based on a Russian doll structure. HREM 
after intercalation with potassium and deintercalation indicates that individual nanoparticles 
are a "paper-mache" of smaller graphite layers. Direct current magnetization and electron 
spin resonance measurements indicate that the electronic properties of the nanostructures 
are distinctly different from those of graphite. Although the nanostructures have distinct 
morphologies and electronic properties, they are highly defective and have a local structure 
similar to turbostratic graphite. 

Modification of the spark erosion tech- 
nique (1, 2) for the synthesis of fullerenes 
has led to the discovery (3) and preparation 
of macroscopic quantities of carbon nano- 
tubes (4). HREM images have been used to 
construct a model based on hollow concen- 
tric cylinders capped at both ends by curved 
sections (3, 4). Concentric, almost spheri- 
cal nanoparticles (onions) with hollow cen- 
ters are also formed along with the tubes 
durfng spark erosion. Similar spherical nano- 
particles are formed upon the e-beam irra- 
diation of carbon soot particles and graphite 
(5) ., Popular models of these nanostructures 
could be described as nested Russian doll 
structures with concentric shells of large 
fullerene-like molecules. 

Despite the appeal of the Russian doll 
model, defects of various forms have been 
apparent in published HREM images of 
carbon nanostructures (mixtures of tubes 
and onions). Amorphous carbon deposits 
have been noted on both the outer surface 
and in the center of the nanotubes (3, 4). 
Discontinued graphite sheets can be found 
in both the nanotubes (4) and onions (5) 
by tracing of the lattice fringes. Disloca- 
tions have been discussed bv Harris and 
colleagues (6). In one case, the transmis- 
sion electron microscope (TEM) image of 
an uncapped tube viewed end-on resembles 
a spiral more than concentric cylinders (7). 
Even when defects are present, our com- 
puter simulations (Fig. 1) show that edge 
dislocations parallel to .the tube axis are 
difficult to observe when they are project- 
ed normal to the tube axes (because of the 
morphology, most of the nanotubes can 
only be viewed along this direction). 
Thus, the observation of the same number 
of HREM lattice fringes on either side of 
the hollow center does not guarantee a 
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perfect, nested fullerene structure. 
Because of the limitations of HREM, we 

have sought to address the structural ques- 
tion through bulk physical and chemical 
properties. The premise of our approach is 
that the distance between adjacent shells in 
nested structures would be relatively unaf- 
fected by pressure (in contrast to the high 
interlayer compressibility in graphite), and 
that the intershell "galleries" within a nest- 
ed nanostructure would be inaccessible to 
intercalation (just as is the interior of a C,, 
molecule). 

The material used in this study was syn- 
thesized by the method of Ebbesen and 
Ajayan (4) and included samples prepared at 
AT&T and Rice University. The samples 
contained mostly tubes and onions, as 
shown by the representative HREM pictures 
in Fig. 2. The ratio of tubes to onions varied 
among experiments. The smallest nanotubes 
had two concentric graphitic shells. Most 
contained 20 to 30 layers with an intershell 
distance of -3.4 A, inner diameters of -20 
to 30 A, and lengths greater than 1 pm. The 
ends always appeared to be closed in HREM 
images. 

A powder x-ray diffraction pattern of a 
typical sample is shown in Fig. 3A. The 
pattern can be indexed on thebasis of the 
hexagonal close-packed "graphite" unircell 
with the c axis enlarged from 6.71 to6.88 A 
while the same C-C bond length is kept. 
This pattern is consistent with the findings 
of an earlier report (8) and is remarkably 
similar to the pattern of turbostratic graphite 
(9, 10). The symmetrical (002) peak probes 
the average intershell spacing within each 
nanoparticle and is broadened from the 'fi- 
nite number of layers in a single particle. 
The average interlayer spacing of 3.44 A is 
0.09 A larger than that of crystalline graph- 
ite and reflects the lack of positional corre- 
lation between carbon atoms in different 
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