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Frictional aging, de-aging, and re-aging in a monolayer-coated micromachined interface
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Measurements on monolayer-coated polycrystalline silicon surfaces have shown that the static friction
coefficient u, strongly depends on loading parameters including hold time and normal hold force by Corwin
and de Boer [J. Microelectromech. Syst. 18, 250 (2009)]. In that work, u, was measured by keeping the
tangential force constant and lowering normal force until motion occurred. Results indicated that u, also
depends strongly on normal force ramp-down rate. Here, we postulate that if the normal load is lowered
instantaneously, the time for the block to begin moving, the “release time” ¢,, will be greater than the inertial
response time, which is on the order of 5 us. We measure the release time and find that it spans nearly six
decades from less than 100 us to almost 50 s. Release time depends on the loading and unloading history
through all three of the parameters varied: hold time, hold force, and release force. An empirical model
incorporating all three of these parameters fits the release time data over the full range. Release time decreases
after the contacting surfaces are held together at increasing hold force levels and this qualitatively explains a
previous observation that static friction aging is suppressed with increasing normal force at a fixed tangential
load in this interfacial system. We further quantitatively relate the previous u, loading dependence on all three
parameters to the release time model established here by introducing a “re-aging” parameter. This work firmly
establishes that release time is a more fundamental parameter than the static friction coefficient and is the

origin of static friction coefficient dependencies in this micromachined interface.
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I. INTRODUCTION

Understanding dry friction has long been a subject of sci-
entific and engineering investigation at the macroscale.!
Most often, friction occurs between surfaces that are rough.
As shown by Bowden and Tabor,? an applied normal force
F, is borne by high points, or asperities, on the surfaces and
the real contact area is much smaller than the apparent area.
If the asperities are plastically deformed, the real contact area
is proportional to the pressure. Even if the surfaces are elas-
tically deformed, the same result holds,? provided that there
is a continuous supply of fresh asperities as normal force
increases. By assuming a constant shear strength of the con-
tacting asperities, Amontons’ empirically determined law of
static friction, F = uF,, where F| is the static friction force
and u, the static coefficient of friction, can be derived.

Many studies have shown Amontons’ law is only a first
approximation for so-called multicontact interfaces. An em-
pirical formulation known as rate-and-state friction has
evolved to incorporate logarithmic aging and memory ef-
fects. Rock was first studied to understand earthquake
phenomena*® but the rate-and-state friction framework has
been extended to materials ranging from cardboard® to
plastic.!? If the frictional block remains in place, u increases
logarithmically with time. This is attributed to contact aging
and is usually associated with contact area growing by a
creep process. Applying the notion of contact rejuvenation,
the models develop coupled differential equations of rate (in-
stantaneous velocity) and state (usually associated with con-
tact age) variables'"'? to predict observed stick-slip and fric-
tional creep dependencies. More recently, Rubenstein et al.'?
have quantitatively imaged real contact area as a function of
loading versus unloading in polymethyl methacrylate
(PMMA) using incident light below the Brewster angle upon
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a frictional interface. They observed that a finite time is re-
quired for contacting asperities to separate as normal force is
reduced and termed this a “de-aging” effect. They further
associated the difference in real contact area versus de-aging
with a small difference in static friction coefficient
(us=0.44 versus u,=0.46).

As device dimensions are reduced in micromechanical
and nanomechanical systems, the surface-to-volume ratio in-
creases and consequently friction forces play a relatively
larger role compared to inertial forces. Much attention has
been focused on the relationship between the coefficient of
friction in special test structures and monolayer coatings ap-
plied to such devices.'* However, very little work has been
reported that investigates loading protocol dependence.

We have developed a useful micromachined polycrystal-
line silicon (polysilicon) actuator'” that can serve in applica-
tions ranging from micro-optics, microfluidics, nanoposition-
ing, transport of heavy cargo, and nanomechanical testing.
The actuator also serves as a model friction test structure, as
will be described below. In our test protocol, we maintain a
constant tangential force while ramping down the normal
force, and look for the onset of motion, which can be mea-
sured to =5 nm resolution. Static friction measurements re-
ported in a recent paper'® indicated a comparatively large
factor of three dependence of u, on the normal force ramp-
down rate.

Because u, varied over such a wide range,!® it hardly
seems the most appropriate way to characterize the frictional
response of the system. We postulate in this paper that a
more fundamental measure of friction is provided by instan-
taneously dropping the normal load and then measuring the
time for motion to initiate. This “instantaneous” normal force
reduction is accomplished using electric-field applied force.
We find that the “release time” 7, (the time for motion to
initiate after the release of the normal load) varies by six
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FIG. 1. (Color online) (a) Optical image of a nanotractor. Signals are applied using electrical probes. (b) SEM cross section through a
clamp at the dashed line marked in (a). The inset shows the detail of the frictional counterfaces. The oxide material surrounding the
polysilicon is removed by HF-acid etching prior to monolayer lubricant deposition which is described in the text. (c) AFM micrograph of a
typical polysilicon surface after coating with a FOTAS organic monolayer. (d) Schematic representation of the disordered FOTAS monolayer
with some chains bending out of the plane of the paper. Reprinted with permission of Journal of Microelectromechanical Systems, ©2009

IEEE.

decades, depending on the normal force hold time #, and
magnitude F, and on the value of the normal force after the
load drop F, (these parameters are explicitly defined below).
The measurements qualitatively explain the previously re-
ported ramp-down rate dependence of wu, (Ref. 16) in terms
of the de-aging concept. Applying the measured empirical
release time dependence in a simple model, we quantitatively
relate the previous u, measurements'® to the present ¢, mea-
surements by introducing a “re-aging” process. The measure-
ments of ¢, also are in agreement with our previous observa-
tions that static friction decreases as hold force increases'®
and we therefore comment on the likely controlling mecha-
nism.

II. TEST DEVICE

The nanotractor device is a friction-based stepper motor
that develops a pulling force of 1 mN, travels =100 um in
50-nm steps and is used to make these measurements.!> It is
pictured in Fig. 1(a) and consists of an electrostatically actu-
ated plate and friction clamps that are attached at each end.

The geometry of the friction clamps is shown in Fig. 1(b),
which is a cross section through the dashed line indicated in
Fig. 1(a). An applied voltage on the normal force electrode
attracts the electrically grounded clamp until the clamp foot
contacts a lower grounded polysilicon layer (contact is made
before the clamp has shorted to the electrode). The clamp

foot makes the frictional contact and its projected area is
A;=600X3 um?. There are two feet per clamp so the total
projected area per clamp is A,=3600 um?”. With F, calcu-
lated from a simple parallel plate law, the nominal pressure is
F,/A,. The surface roughness of the lower and upper coun-
terfaces is 5 nm root mean square, as measured by tapping-
mode atomic force microscopy (AFM) shown in Fig. 1(c).
The local asperity contact pressure can be made to approach
the hardness of silicon, 11 GPa,'” while the average asperity
contact diameter D is about 10-20 nm.'> Using previously
reported contact mechanics calculations,' it is expected that
several hundreds of asperities make contact at the apparent
pressures used in this work.

The nanotractor is fabricated from five structural layers of
polycrystalline silicon (polysilicon) using the SUMMIT VM
process.'8. As friction is an interfacial property, it can be
greatly influenced by the presence of a monolayer.!® Here, a
vapor-deposited 1.2-nm-thick ~ monolayer  lubricant
(tridecafluoro-1,1,2,2-tetrahydrodecyltris(dimethylamino)
Silane, CF3C5F10C2H4Si[N(CH3)2]3, FOTAS) (Ref 20) con-
formally coats the device to reduce the junction shear
strength, thereby minimizing friction.?! The resulting surface
is hydrophobic with a water contact angle of 106°; thus mini-
mal capillary condensation due to ambient moisture is ex-
pected. The eight-carbon chains are relatively short and the
fluorocarbon radius is larger than the head group attachment.
Van der Waals forces between the tail groups are too small to
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FIG. 2. (Color online) Coefficient of static friction as a function
of ramp-down rate for ten different hold times all taken at the same
hold force, Fh=1700 uN. For all ramp-down rates, static friction
aging is evident. Reprinted with permission of Journal of Micro-
electromechanical Systems, ©2009 IEEE.

achieve local alignment, and instead the chains are likely
disordered,?? as represented in Fig. 1(d). [Compared to our
first nanotractor paper,'® the nanotractor feet studied more
recently'® and in the present work are nominally flat. This is
due to a change in how the feet are fabricated. They were
previously formed by filling a partially plasma-etched depos-
ited sacrificial oxide layer with polysilicon. This etch left a
convex surface behind as can be seen in Fig. 4(c) of the first
nanotractor paper.’> In the more recent' and the present
work, the feet are placed on top of that sacrificial oxide layer.
The nominal pressure for the same applied force is now ap-
proximately thirty times less. For the present work, an esti-
mate of real to apparent contact area ratio of ~3 X 107> at an
apparent pressure of 0.5 MPa can be made [based on Fig.
16(a) (Ref. 15)]. In Greenwood-Williamson contact mechan-
ics of rough surfaces,> average asperity pressure is only
weakly dependent on apparent pressure and therefore the es-
timated fraction of contacting asperities under loads ap-
proaching the hardness of silicon remains 0.6.]

As shown in Fig. 2, the static friction coefficient mea-
sured depends strongly on the normal ramp-down rate. As
described in detail in the companion paper,'® which summa-
rized repeatable results from four different SUMMIT V™
lots and a total of eight different monolayer coating runs, this
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data was taken in the following way. First, the nanotractor
was walked out to a position x,=30 um using pattern
matching combined with a positioning algorithm (to
+50 nm precision as limited by the nanotractor step size),
thereby setting the applied tangential force F, to 450 uN
(the stiffness of the suspension springs on the nanotractor is
15 N/m). Then, the normal force was set to a hold force
value of F;,=1700 uN by applying electrostatic voltage to
the leading clamp (the clamp further removed from the zero
position). After a hold time 7, as indicated in Fig. 2, the
normal force was ramped down at a constant ramp-down

rate. Fn to measure the static friction coefficient. The static
friction coefficient value was defined by u,=F,/F,, with F,
set by the first perceptible position change of the nanotractor,
which was measured by optical microscopy to =5 nanometer
accuracy using subpixel interpolation. If there were no aging
of the interface during the hold and no dependence on ramp-
down rate, we would expect no difference in the measured u,
values.

Furthermore, as hold force F), was increased, the static
friction coefficient decreased.!® This appears to be contrary
to expectations from other work that has examined aging
effects.'®?3 That is, at higher normal loads in rock and
PMMA, creep at the heavily loaded contacts increases the
contact area of the bulk material. Therefore, from those ma-
terial studies, it would be expected that the static friction
coefficient would increase with increasing hold load. How-
ever, it is in agreement with a different interpretation,?*
which is that the rate of static friction aging increases with
the shear to normal hold force ratio (F,/F),) as long as the
block does not move during the hold. By examining the data
in the companion paper (see discussion section of the recent
work!®), we arrived at a similar conclusion. [The ramp-down
rate is controlled digitally and the normal force step size is
established by the camera video rate of 15 frames per sec-
ond. The ramp down begins at the hold force F,. For a ramp-
down rate of 1 uN/s, the normal force increment is
0.07 uN per frame, while for a ramp-down rate of 20 uN/s
the normal force increment is 35 uN/frame (2% of F}). The
normal force depends on Vz, where V, is the applied clamp
voltage.]

In this work, we wish to understand the origin of two
important observations'® in greater detail. They are listed in
Table I and include the normal-force ramp-down dependence
of u, as in Fig. 2 and the decrease in the aging rate of u, at
larger F), values.

TABLE I. Previous and current correlating observations.

Previous observation (Ref. 16)

Correlating observation (this work)

1 M, depends on hold time #;, and normal force

ramp-down rate F,, (Fig. 2 in this work)

Time until block moves (7,) after reducing hold
force is much greater than inertial response time
and depends on 7, and force on clamp after release
(F,)

Rate of static friction coefficient aging decreases

2 as F), increases [Fig. 8 (Ref. 16)]

t, decreases as Fj, increases
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FIG. 3. (Color online) (a) Equivalent mass and spring represen-
tation of a nanotractor. F, is the electrostatically applied normal
force, F, is the tangential force, Fy is the friction force, k, is the
spring constant of the suspension springs, and x, is the extension of
the spring beyond its rest length. (b) A timing diagram showing the
triggering of the high-speed camera simultaneously with the drop-
ping of the normal force after holding for a time #, from the hold
force, F), to the release force, F,. The release time, t,, is then
measured as the time to first motion after the camera is triggered.

III. MEASUREMENT

Given the large range of normal force ramp-down rates
explored in Fig. 2, it appears that there is no sufficiently high
ramp-down rate at which the u, value saturates. Rather, the
data is always a function of hold time #;,, and ramp-down rate

F,. We postulate that even if the normal force were lowered
instantaneously after the hold, the time for the block to begin
moving, the release time ¢,, would be greater than the inertial
response time. Though this procedure sacrifices any attempt
at measuring u,, we shall find that we can relate the mea-
sured 7, to the u, trends presented in Fig. 2. We explore
previous observation 1 in Table I by measuring the effect of
hold time #, and release force F, (defined in the next para-
graph) on release time 7, and we investigate previous obser-
vation 2 in Table I by measuring the change in ¢, as Fj, is
varied.

To measure ¢,, the nanotractor was moved to an initial
position x,=30 um and held there for a prescribed amount
of time #;, and at a prescribed normal hold force F,. We do
not include the small corrections in F, from adhesion
(~5 wN) or from the small out-of-plane restoring force
from the suspension springs (~0.3 uN) (Ref. 25) in the nor-
mal force calculation. The tangential force F, experienced
during the hold was again set by the stiffness of the suspen-
sion spring, and was k,x,=450 uN, where k,=15 N/m. The
normal force was then dropped to a release force, F,, by
decreasing the clamp voltage. Note that for the same value of
F), lower values of F, indicate larger normal force drops,
corresponding to a larger driving force, and hence were ex-
pected to correlate with shorter release times. Figure 3(b)
shows a timing diagram of this operation. Due to the capaci-
tance of the device and the slew rate of the amplifier (Tegam
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Model 2350) driven by a digital to analog card (National
Instruments PCI-6733), the voltage was reduced from F), to
F, in approximately 1 us. This normal force reduction time
was verified with an oscilloscope.

The release time, t,, was captured with a high speed cam-
era (Phantom V5) that was triggered to start recording at the
same time as the drop in normal force from F), to F,. The
camera was attached to a Mitutoyo FS70 microscope (20X
objective, NA=0.42) on a Signatone probe station and cap-
tured images as fast as 10 000 frames per second with a
90 us exposure time. For some time after the drop in force,
the nanotractor showed no detectable motion, and then
abruptly jumped to a final rest position. The release time
could be determined to approximately 100 us resolution
from the recorded video for jumps of 1 um or greater. Typi-
cal jump sizes were tens of microns and the 1 wm lower
bound limit on detectable jump size was set by our ability to
detect a change in motion visually by reviewing the frames
but without saving data to disk. While measurements of jump
sizes smaller than 1 um could be made from captured high-
speed video, identifying these would have required saving
very large image data sets (2 GB) for postprocessing and
would have greatly increased the measurement time. With
this technique the dependence of 7, on the parameters ¢, F,
and F, was determined. All data was taken in laboratory air
at room temperature with a relative humidity of approxi-
mately 30%, similar to the measurements in the companion
paper.'6

Ignoring for the moment any dependence of ¢, on 1, if a
minimum distance of x,,;,=1 wm could be detected and if
the resisting tangential force was dropped from a value
above k, x, to a value u, F, significantly below k, x,, an
expected inertial release time is

2MX yin

; (1)
k)cxo_lu“dFr

1=
where u, is the coefficient of dynamic friction (where u,
=0.2). Given the spring constant (k,=15 N/m) and the mass
of the nanotractor (m=2.25X 10" kg), ¢, would equal an
inertial response time of about #;=5 us if Fy were dropped
to F,=955 uN. Consideration of the experimental range of
F, values in Sec. IV below implies that all the release times
would occur in the first camera frame (100 us) and that our
experiment would not have resolved any dependence on F),
or F,.

IV. RESULTS

We first conducted scoping experiments on four devices
that revealed the trends and aided in selecting parameter
ranges. Our complete data set from a final device consists of
120 measurements with a range of #;, from 16 to 512 s, F),
from 1560.55 to 2150.55 wN, and F, from 663.5 to
955.8 uN (see Table II). The measured release times over
this range of parameters varied from less than 100 us to
almost 50 s. Figure 4 shows three sample plots from the data
sets, each plotting release time as a function of one of the
three parameters (with two lines on each plot to show varia-
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TABLE II. Experimental parameters used to take data in
Fig. 4.

Parameter Values

ty (s) 16, 32, 64, 128, 256, 512

F, (uN) 663.75, 755.2, 852.55, 955.8

F;, (uN) 1560.55, 1699.2, 1843.75, 1994.2, 2150.55

tion with respect to the other two parameters). From these
plots it is seen that ¢, depends on each of the three parameters
through some function

trzf(th’Fh’Fr)' (2)

The appropriate form for this function can be determined by
examining the interdependencies of the various parameters.

The first observation from these high-speed camera mea-
surements is that for all fixed values of F, and F,, an increase
in ¢, leads to an increase in ¢,. Thus, if we consider ¢, as a
measure of de-aging, aging is occurring between the two
contacting surfaces (assuming de-aging is directly related to
aging'3). Figure 4(a) contains a log-log plot showing the in-
crease in t, with t;,. The two data sets were taken for different
pairs of the parameters F;, and F,. The linear behavior sug-
gests a power-law dependence of release time on hold time
of the form

F - F, = 1561uN, F, = 955.8uN

t, (1s)

F, = 1994uN, F, = 755.2uN

10' 10 10°
t, ()

1085_""I""I""I""I""I""I 3
10k _ _ 4
o F,=853uN,t, = 5125 3

10°F = -
30k N
10 :
10 .
E F,= 664N, t, = 64s 3
(C) 1T I N I T S N B
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F, (UN)
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A3)

t, 1.

The red line through both sets of data is plotted with the
same value of the exponent n and was determined by fitting
all of the data to a final functional form in which the only
dependence on hold time is through the above power law.
This demonstrates that the scaling of 7, with ¢, is independent
of both F, and F,.

A supporting demonstration that aging occurs is shown by
resetting the nanotractor after a hold. By moving the block
by as little as 50 nm (a single step of the nanotractor) after
aging but before dropping to F,, the release-time enhance-
ment due to aging is entirely removed. For example, with
t,=32 s, F,=1699.2 uN, and F,=955.8 uN, the measured
release time is 27 500 us when dropping right from F), to
F,, while a release time of less than 100 us is measured
when taking a single step after aging but before release. This
rejuvenation of the contacting surfaces, similar to our obser-
vations of rejuvenation after 200 nm of motion in static fric-
tion measurements,'® conforms with observations from both
rate-state friction and unloading hysteresis
measurements.'*13

The dependence of ¢, on F, can also be measured by fix-
ing F), and 1, and varying F,. Figure 4(b) shows a semilog
plot of #, as a function of F,. The two data sets plotted are
taken for different pairs of the parameters F) and t,. The

10" g E
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FIG. 4. (Color online) Plots showing the various dependencies of the release time. Experimental parameters are summarized in Table II.
(a) A log-log plot showing how z, varies with #,, for two different sets of F), and F,. The red lines are power-law fits with the same exponent
for each. (b) A log-linear plot showing how ¢, depends on F), for two different sets of F, and #,. The red lines are exponential fits with the
same constant for each. (c) A log-linear plot showing how ¢, depends on F, for two different sets of F}, and 7;,. The red lines are exponential

fits with the same constant for each.
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TABLE III. Best fit parameters for Figs. 4, 5, 6(b), 7, and 8.

Parameter Value
332.97 ms
1.2866
b, 0.01486 uN-!
b, -0.007358 uN~!
b3 -0.0036 uN~!

linear behavior reveals that ¢, increases exponentially with F,
with the form

t, o efrbr, (4)

The red line through both sets of data is plotted with the
same value of coefficient b, and was determined by fitting all
of the data to a final functional form in which the above
exponential form is the only dependence on release force.
Thus the scaling of ¢, with F, is independent of both F)
and 7.

Finally, the dependence of release time on hold force can
be determined by fixing F, and #, and varying F),. Figure 4(c)
shows a semilog plot of ¢, as a function of F). The two data
sets plotted are taken for different pairs of the parameters F,
and t,. The linear behavior reveals that 7, decreases exponen-
tially with F), with the form

1, o efinb2, (5)

The red line through both sets of data is plotted with the
same value of coefficient b, and was determined by fitting all
of the data to a final functional form in which the above
exponential form is the only dependence on hold force. Thus
the scaling of ¢, with F}, is independent of both F', and #;,. The
observation that the slope in Fig. 4(c) is negative is in quali-
tative agreement with observation 2 on the left side of Table
L.

The full functional form is simply a combination of the
three dependencies and can be written as

11, = (alt,)(1/1,)"e" 12, (6)
where 7,=1 s. Taking the natural log of both sides yields
In(z,/t,) =1n(a/t,) + n In(z;,) + b\ F, + byF),. (7)

Using this form, the data can be approximated by a least-
squares fit with the four adjustable parameters, a, n, b, and
b,. The best fit parameters are shown in Table III and were
also used to draw the red lines in Fig. 4. Figure 5 displays a
plot of fit times versus the measured release times for all 120
points and demonstrates a good fit over the entire range of
the data. The inset in Fig. 5 shows that the maximum error
between the fit and the data is a factor of 5 over the six
decades of data.

V. DISCUSSION

Our results show that release time ¢, in this interfacial
system depends on both the full force history through the
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FIG. 5. (Color online) Goodness of model fit shown by log-log
plot of predicted release time versus of true release time for every
set of #;,, ', and F,. The red line is a linear fit. The inset shows that
over almost 6 orders of magnitude the fit is within a factor of 5 of
the data.

hold time ¢,, the hold force F), and the release force F,.
Qualitatively it is clear that the ramp-down dependence of p
in Fig. 2 correlates with 7,. That is, for high ramp-down rates,
F, reaches a lower value before a slip event because it takes
a certain amount of time before the interface releases, result-
ing in a higher value of w,. Our goal then is to develop a
quantitative relationship between u, and t,. To accomplish
this, we first discuss our measurements in light of recent
work!3 to gain perspective on the present experiments and to
aide in establishing a framework.

Rubinstein et al.'® use an elegant direct imaging technique
to study the difference in real contact area while loading and
unloading. While Rubinstein et al. report on the importance
of de-aging, i.e., the “time-dependent decrease in real con-
tact area at fixed load after a certain amount of unloading
has occurred,” the primary effect discussed in their paper is
an elastoplastic one. They are able, however, to decouple
these effects, as explained next. In their experiment, applying
normal force only, they load and unload a PMMA block and
quantify the difference in real contact area. During unload-
ing, the contact area is noticeably larger than during loading;
that is, there is substantial hysteresis in this experiment. The
measured curves are repeatable even though the PMMA
block is ostensibly in the same position during each loading
cycle. If this result were due to plastic deformation of the
same set of asperities, reloading would occur along the pre-
vious unloading line, but this is not observed. After carefully
investigating their data, they arrive at the conclusion that
during each loading cycle, different sets of asperities come
into contact due to a Poisson extension which is substantial
because PMMA is an elastically soft material (E~4 GPa).
The loading cycles are repeatable because each loading cycle
is an elastoplastic curve for essentially virgin asperities. They
also measure a small and noisy difference in u, by applying
tangential force during the loading and unloading portions of
the cycle (0.44 upon loading and 0.46 upon unloading).
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In a typical loading cycle, Rubinstein et al. load and im-
mediately unload at a fixed rate. To decouple the effect of
de-aging from elastoplasticity, they hold the force at its
maximum value for some time before unloading [see Fig.
5(a) in Rubinstein et al.'3]. They then observe a growth in
contact area, which they ascribe to contact aging. Upon un-
loading, the real contact area is substantially larger than
when unloading without aging. After a certain amount of
unloading, they hold the force at a fixed value and then ob-
serve that the real contact area shrinks with time, i.e., contact
de-aging.

In the present paper, measurements focus on the effects of
unloading protocol on (i) static friction (Fig. 2) and on re-
lease time (Figs. 4 and 5). As seen in Fig. 2, u, depends

strongly on both #, and F .- The 200% variation in u, depend-
ing on unloading protocol is much greater than Rubinstein’s
4% difference in u, on loading versus unloading and it can
be said that a real-time imaging method is not necessary in
our experiments in order to observe a significant effect of
loading protocol on friction.

Also in our experiments, Poisson extension very unlikely
plays a confounding role because of the much higher modu-
lus. Assuming free slip of the interface, the maximum con-
traction is

F,/A
A= V?Lblocks (8)

where the factor of 2 assumes the center of the block remains
stationary. This extension will increase linearly from the cen-
ter of the block. With L;,,=600 um, »=0.22, F,
=1700 uN, E=164 GPa,? and A,=3600 um?, A=0.2 nm.
This is much smaller than the expected diameter of the con-
tacting asperities, which is about 10-20 nm."> If we redefine
de-aging to mean “the time-dependent reduction in friction
(rather than real contact area) at fixed load after a certain
amount of unloading has occurred,” we can qualitatively
state that the measurements in Fig. 2 reflect the aging

(through #,) and ramp-down rate (through F,) dependencies
of de-aging. The de-aging definition used here redirects at-
tention to the mechanical response of the system and is nec-
essary because the decrease in w, may not be due to a change
in the real contact area but rather to a molecular reconfigu-
ration at the contacting asperities.?’

The measurement of ¢, is the focus of the experimental
section. After having aged the interface for time #, under
various hold loads Fj, t, (as a function of F,) is the time
needed to de-age the interface to the degree that it is weak
enough to slide. Thus ¢, is not a direct measure of de-aging
but rather the time that it takes the interface to reach a certain
“weak” state by a de-aging process after it has been aged to
a “strong” state. Rubinstein ez al. directly show that de-aging
takes place but they do not investigate its dependencies on
loading protocol. Our measurements represent a systematic
study (in which Poisson extension is likely not a confound-
ing factor) of the effects of aging on the time that it takes to
de-age the interface to a certain state.

The measurements show that the parameters ¢, F,, and F,
control ¢, in a systematic fashion over six decades. How
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much further might this range extend? At the low end we can
speculate that the range of ¢, in Fig. 5 may be as short as the
time it takes for molecular bonds to form. Experimentally,
this is limited by the time it takes to drop the load, which is
currently about 1 us. A more fundamental lower limit is that
the inertial response time of the system is on the order of
5 ws and the effect of interface strength on 7, becomes dif-
ficult to differentiate once ¢, is on this order. On the high end,
Eq. (7) will eventually not apply because aging processes
compete with de-aging processes. Therefore, we expect that
for some sufficiently high F, value, ¢, will approach infinity.
We shall call the release force at which de-aging begins
F de-age-

In view of this discussion, we are in position to better
understand observation 1 by searching for a quantitative re-

lationship between ¢, and /.LS(F,,) that can be physically mo-
tivated. We begin by considering the integrated fraction of
release time spent at each normal force (starting from F, and

ramping down with a rate Fn), and assume that a jump will
occur when this fraction equals one, determining the time
timp until a jump. Using Eq. (6) (where 7, has been dropped
to simplify the expression)

1= J‘jmp —dt 9)

0 atZe(Fh—Fnt)b]+F,,b2

The integrand can be thought of as the fractional amount of

de-aging. Here we assign F,=F W—F.1 to capture the normal
force ramp down of Fig. 2. Strictly, the lower integral limit
should be 74c.0, Which represents the time associated with
Fye_qge When de-aging begins. However, the relative value of
the integrand at high normal forces (small 7) is very small;
nearly all of the contribution to the integral occurs near the
end of the jump time. Solving for the jump time, we obtain

_In{1 +ab,F, 1, exp[Fy(b; + b)]}
ban .

(10)

Ljmp

The normal force at which the u, value is observed in Fig. 2
can then be written as

ijp=Fh_Fntjmp' (11)

Given a tangential force F,, the coefficient of static friction
can be written as

F

o= (12)

Jjmp
Figure 6(a) shows the model of u, as a function of ramp rate
for four different hold times using the parameter values from
Table II. While the model qualitatively shows that increasing
ramp rate results in a higher value of w,, it significantly
underpredicts the data.

In writing Eq. (9), we replaced F, in Eq. (6) with F,
-F .1, meaning that fractional de-aging was sustained equally
well for past as well as recent times. A simple weighting
function that accounts for the possibility that past de-aging is
less effective than recent de-aging can be introduced with a
parameter b;. Accordingly,
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FIG. 6. (Color online) Comparison of data to model. Symbols
are selected data from Fig. 2 with corresponding hold times and
lines show model. (a) Model based on the assumption that a par-
tially de-aged interface remains de-aged [Egs. (10)—(12)] qualita-
tively shows the correct trend but significantly underpredicts the
data. (b) Model weighting the recent de-aging history by allowing
re-aging during the ramp down [Egs. (11), (12), and (15)].

Limp dt
1=f” (13)

0 atZe_F”t(bl+b3)+Fh(b1+b2+b3)

Allowing b5 as a free parameter improves the fit with respect
to Fig. 6(a) (with b3=+0.004/ uN)—the model predictions
for different 7, values are increased but are more closely
spaced with respect to 7, than the data. If b3 modifies only F),
in Eq. (8), the fit is further improved (with bs;=
+0.0021/ uN), but the model fit remains tighter than the data.
These forms are discounted because they mean that the frac-
tional de-aging would be influenced by F), through b5 (which
is associated with de-aging) after ramp-down begins. Also,
with b3 positive, they predict that the fractional de-aging is
larger when there is a finite ramp-down rate than when there
is an instantaneous ramp down. However, if b; modifies only

F,t, we write

tjmp dt
1= f (14)

0 atze—Fnz(b1+b3)+Fh(b1+b2)

This form means that once the ramp-down begins, fractional

de-aging depends only on the ramp-down rate Fn. In other
words, F;, and ¢, set the interface initial conditions from

which the contacts de-age and Fn establishes the rate at
which fractional de-aging occurs. The result for 7;,,, becomes

_In{1 +a(by +by)F,f5 explFy(by +by)]}
(b + bS)Fn '

(15)

Limp

With only b5 as a free parameter, the good fit to the data now
found is seen in Fig. 6(b). Note that h;=—0.0036/uN (as
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FIG. 7. (Color online) Comparison of Eq. (16) with the experi-
mental data from Fig. 8(b) of Ref. 16.

reported in Table III) is negative but that the quantity (b,
+bs) is positive, consistent with the view that recent frac-
tional de-aging is more effective than past fractional de-
aging. That is, contacts that have been de-aged at some F,
>F,, begin to “re-age.” Mathematically, the denominator
in the fractional de-aging quantity increases because (b,
+b3) <b,, increasing t;,,, thereby decreasing F,, and fi-
nally increasing u,. In detail, the model describes the data
reasonably well for #,=512, 256, 128, and 64 s but not as

well for #,=16 s. Specifically, at #,=16 s and F,,=5 MN/s,
the measured data point for u, increases noticeably relative
to its lowest value. This is because the ramp-down time is
much longer than the hold time so that the interface begins
aging during the ramp down (before the normal force reaches
Fge-age)- This effect is not accounted for because the model
assumes that once a ramp-down begins, the dependence on
F), is erased.

With the good agreement, we can seek to generalize the
applicability of Egs. (11), (12), and (15). Figure 6(b) shows
that they fit the data well but this is only at only one value of
F),. Combining the equations yields

P Fy
o Fjmp - F, - Fntjmp
_ F(by + bs)
Fy(by +b3) —In{1 + a(b, + b3)F, 2" exp[Fy(by + b3)T}

(16)

As previously detailed [Figs. 8(a)-8(c) (Ref. 16) and the ad-
joining discussion], u, depends strongly on F),, and the loga-
rithmic rate of aging, 3, decreases with increasing F),. Simi-
larly, release time in this work release time ¢, also decreases
with increasing F),.

In Fig. 7, u, versus In(z,) is plotted for different values of
F, using Eq. (16), with F,=30 uN/s as used in the
experiment.'® The experimental data with the same F), values
are also shown [Fig. 8(b) (Ref. 16)]. We maintain the param-
eters of Table III and in particular keep the re-aging param-
eter bs. For the lowest F), value, the agreement between Eq.
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(16) and the data is very good. As F), increases, the trend
remains, although the data indicates that the wu, values drop
somewhat more quickly with F) than the model predicts.
Recalling that b5 is an adjustable parameter in Table III, we
explored different values to look for a better fit but find that
b3=-0.0036 remains a good choice in Figs. 6(b) and 7 to
match the experimental data. The greatest model sensitivity
to b; is revealed in Fig. 7 at the lowest value of F), and this
can be understood because the logarithmic aging rate is
greatest here.

I
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It is common in rate-and-state friction laws to assume that
the logarithmic aging rate 8 is a constant and its value was
taken by making a linear fit'® to the data in Fig. 7 over the
range 4 <In(#,) <8. An analytic expression for B8 can then be
found by linearizing about the middle of the hold-time range
[In(z,)=6]. The second term inside the natural log in Eq. (16)
is much greater than 1 for all experimental values and there-
fore dominates. Then

Fn(b; + bs)

) J In(z,) FyoF) ) [Fi(by + b3) —In{a(b; + b3)FntZ exp[Fy(by +b3)]} —n ln(th)]z'

We plot this expression in Fig. 8 using In(#,)=6, the param-

eters of Table III and F ,=30 uN/s in order to compare with
the data [Fig. 8(c) (Ref. 16)]. We see that the fit (green solid
line) in Fig. 8 is very good. For comparison, we also plot Eq.
(17) in Fig. 8 using a value of b;=0 (the blue dashed line).
Because (8 is most sensitive to F) at low values of F}, the
best comparison is in that realm, and it is again seen that
b;=-0.0036 fits the data significantly better than b;=0.

Therefore, we broaden our assertion that release time t, is
the underlying fundamental parameter that controls the mea-
sured u, values in all the previous experimental results on
static friction coefficient.'® Furthermore, because a value of
b5 that is negative and distinctly different from zero best fits
the data taken in different ways, the concept of re-aging is
more strongly supported.

Having quantitatively related ¢, to u, by introducing the
concept of re-aging, we now wish to better understand ob-
servation 2 in Table I. Both u, and ¢, are reduced by increas-
ing F,. The static friction coefficient data (Fig. 2) is one
result from an extensive study on this interface,'® while t,, as
reported here, is a more fundamental measurement quantity.

0241 ' ' ' ]
\
0.20 | \ _
I \
\
0.16 | \ Eq. 17 (b3=-0.0036) .
| \
@ 012} \ 4
! \
0.08 |- kN i
| Eq. 17
(b3=0)
0.04 |- |
~
I ~&__ l
, | . N AT =
0.00
0 2000 4000
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FIG. 8. (Color online) Comparison of Fig. 17 with the experi-
mental data from Fig. 8(c) of Ref. 16.

(17)

To probe more deeply, we must ask why 7, exhibits the de-
pendencies with respect to F, we have observed. We can
suggest two mechanisms for the aging behavior. The first is
that the contact area increases with time due to material
creep, while the second is that entanglement of disordered
monolayer chains themselves, similar to the interpretation of
Yoshizawa and Israelachvili.?’

Future experiments could resolve which mechanism is
more likely operating. If the first prevails, real contact imag-
ing (although more difficult with such small contacts) would
show an increase with time. Also, in rate-and-state theory,
the state variable theta (the effective age of the contact, re-
ferred to as “state”) would continue to increase for a rough
on smooth interface even if the surfaces experienced relative
motion. If the second mechanism governs, under static con-
ditions the real contact area would remain the same with
time while contact memory would be erased for a rough on
smooth interface for relative motion greater than a typical
chain entanglement length. In an AFM experiment, xy drift
less than 1 nm over many minutes would be required in order
to observe aging effects. Such data could link the length
scale from a single nanometer contact to hundreds of multi-
scale contacts in the micromachining situation.

Based on experiments performed for rock on rock, Linker
and Dieterich®® proposed a law for the time-dependent
change in state as a result of a sudden change in normal
stress. While maintaining a constant velocity (to ensure re-
newal of state), the steady-state change in friction was not
immediately reached upon an increase in normal stress.
Therefore, state initially decreased upon a sudden increase in
normal stress because of the time needed for creep processes
to attain the larger associated asperity contact area. Eventu-
ally, however, the coefficient of friction always reached a
constant value independent of the stress change. Likewise,
state temporarily increased upon a normal stress reduction.
Mechanistically, this was interpreted as an underaging (over-
aging) effect for normal stress increase (decrease), reflecting
material creep. This is different from our results where we
see after long hold times that both static friction coefficient!®
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and release time decrease with increasing hold force. That is,
after a hold at high F), creep would increase the asperity area
if this model?® applies. Then with a rapid normal force re-
duction, the expected wu, would be higher instead of the
lower value we measured.'®

Hence it appears more likely that the molecular bonding
mechanism operates, and manifests in both the u, measure-
ments and the ¢, measurements. This is further supported by
the observation that silicon does not exhibit perceptible creep
in room-temperature indentation experiments.”® Also, in a
Hertz contact, large sub-surface shear stresses exist, and
therefore increasing F,, increases the shear stress in the bulk
polysilicon material. Because of the large fraction of plasti-
cally loaded contacts (a value of 0.6 was estimated'd), creep
could ensue, leading to an increase in contact area and hence
increasing u,. Yet we see a decrease rather than an increase
in u, as F), increases. The observations of Bureau ef al.?* that
increased shear increases aging, when viewed as scaling with
F,/F), are consistent with our static friction and release time
results. However, in this micromachined interface, increasing
F,/F;, may increase the molecular bonding rate rather than
the bulk material rate of creep.

If intercalation of the molecular chains is the primary ag-
ing mechanism, we must reexamine whether elastic Poisson
contraction plays a role in the experiments. That is, even
though the estimated maximum contraction of 0.2 nm is
small, it is somewhat larger than the length of molecular
bonds. As normal force is first applied, Poisson extension
will occur to the degree that the interface can slip. During the
hold, any slip will compete with interface aging and thus
further change in maximum extension can be expected to be
smaller than 0.2 nm. When normal force is released, any
elastic component of interface slip due to Poisson contrac-
tion will occur quickly compared to the release times mea-
sured in these experiments and therefore is not expected to
contribute to the measured time dependencies. Hence, if
Poisson contraction is playing a role, the measured values of
t, would only increase. Because the ¢, values are already so
large, and because closer to its center the block can only slip
less, it seems unlikely that Poisson contraction has a signifi-
cant effect on ¢,.

How can the proposed re-aging mechanism occur while
the force continues to ramp down? We contemplate this
question by considering two extremes as to how release oc-
curs after an instantaneous ramp down. In the first, when
normal force is reduced, a certain fraction of asperities
comes out of contact. The remaining loaded asperities can no
longer sustain the shear force and therefore contacts are rap-
idly broken until release. The detail of how this occurs is an
interesting  subject, likely involving sonic  crack
propagation.?® In the second, as force is removed, all asperi-
ties remain in contact. Those asperities that, from elastic
theory, would have been separated, remain in contact by
stretching the monolayer chains across the interface.

In this first extreme, re-aging could occur during a slow
normal force ramp-down process because the normal force
attains a low value at which the rate of aging has been ob-
served to be higher. However, the extra amount of time that
asperities remain in contact is small compared to 7, and an
exponential rather than a power-law aging law in this regime
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fits the data. Thus, re-aging in this context seems unlikely. In
the second extreme, re-aging of stretched monolayer mol-
ecules could occur. Such molecules have been prealigned
into energetically favorable states during the hold. Some of
the bonds formed will remain intact, making it easier for
bonds that have been broken to reform. It is plausible that
bond reforming under tension would occur with a different
dependence (i.e., exponential) than the original bond forming
under compression (i.e., power law). Most likely, the actual
interface state lies somewhere in between these extremes and
the re-aging stems from a component due to the second ex-
treme.

VI. SUMMARY AND CONCLUSIONS

In this work, we have investigated the origin of a strong
dependence of static friction coefficient on normal-force
ramp-down rate as previously reported.'® There, u, varied by
nearly 200% depending on measurement protocol. Here we
find that interface de-aging is the underlying mechanism that
controls those static friction coefficients. The quantity release
time 7, is a more fundamental measure of interface strength
than static friction. In this work, it is an indirect measure of
de-aging—it is the time for the interface to reach a certain
state after it has been subjected to a certain loading protocol.
However, unlike in Rubinstein et al.,'® de-aging is likely not
confounded with a Poisson effect because of the high modu-
lus silicon material. Also, a real-time imaging measurement
is not needed; rather friction can unambiguously associated
with de-aging. The quantity ¢, exhibits strong dependencies
qualitatively similar to the static friction'® measurements and
varies over six decades according to the loading protocol. By
introducing the concept of fractional de-aging and re-aging
as the force is ramped down, it was shown that u, can be
quantitatively related to ¢,. The effects are most likely due to
time-dependent molecular bonding effects, which are en-
hanced by shear. It would be of interest to examine the pro-
posed re-aging process in more depth by measuring depen-
dencies of ¢, on the unloading protocol. For example, one
could instantaneously change F, before motion is detected to
test if 7, is the superposition of controlled fractional release
times.

The effects of temperature, monolayer chain length and
coverage, would all be of interest in subsequent studies.
Wear is an important problem and can perhaps be solved
with alcohol vapor-phase coatings.>® What protocol-
dependent effects will be observed if these tests are per-
formed while exposed to an undersaturated vapor? Wear can
also be addressed by applying hard coatings. However, in
this case we might expect that adsorbed monolayers (i.e.,
adventitious hydrocarbons) will affect the results. The ulti-
mate goal in this work is to achieve an understanding of what
monolayers are most appropriate in achieving reproducible
performance for friction-based microactuator and nanoactua-
tor, which are potentially very useful in positioning, microro-
botics, and optical and medical applications. Here we have
shown that release time is an important quantity needed to
understand static friction values.
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