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Abrasive wear of sharp silicon tips sliding distances of up to 750 m on a polymeric surface is studied

using atomic force microscopy. The data cannot be explained by conventional macroscopic wear models.

We present a new model in which the barrier for breaking an atomic bond is lowered by the frictional

stress acting on the contact. Quantitative agreement is obtained between the model and wear data for all

load forces and sliding distances studied.
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Understanding the basic mechanisms of friction and
wear has been a long-standing open question. This is
surprising when one considers the long history of enquiry
into the subject and the deceptively simple empirical laws
describing macroscopic tribological phenomena: Friction
is simply proportional to load (Amonton’s law) and wear
volume is proportional to load and sliding distance
(Archard’s wear law), and both laws are independent of
contact area and velocity. Although broadly applicable on
the macroscopic scale, the underlying mechanisms remain
unclear.

One of the reasons that a deeper understanding of the
underlying mechanisms has proved so elusive is the com-
plex nature of the contact between two macroscopic
bodies. On the nanometer scale, engineering surfaces are
rough, and mechanical contact occurs mostly between the
asperities of the surfaces. There is thus a discrepancy
between the apparent contact area referred to by
Amonton and the real contact area.

The atomic force microscope (AFM) is ideally suited to
gain insight into the problem as it allows the behavior of a
single asperity to be studied. This simplification has led to
recent progress in understanding friction, showing, for
example, that single-asperity friction does not always fol-
low Amonton’s law, but in some cases friction is propor-
tional to the real contact area [1,2]. This apparent
discrepancy between a single asperity and real engineering
contacts was resolved by Greenwood and Williamson [3],
who showed that for randomly rough surfaces the real area
of contact varies with the applied load, and hence
Amonton’s law is recovered. Such progress in the study
of nanoscale friction has not been paralleled in the area of
nanoscale wear. In fact, many AFM friction experiments
are described as operating in a ‘‘wearless’’ regime, i.e.,
with a wear rate below the detection limit of the experi-
ment. Such low wear rates make it difficult to quantify
wear.

Here we report a study into the nature of single-asperity
wear of sharp silicon tips sliding on flat polymer surfaces.
The silicon tip on polymer surface serves as an excellent
model system of wear, and is also technologically relevant
due to the emergence of scanning-probe-based data storage

[4,5] and nanolithography [6]. We quantify tip wear in situ
as a function of sliding distance for applied loads ranging
from 5 to 100 nN. In contrast to previous nanotribology
work, we study extremely large sliding distances of up to
750 m, a requirement for the practical implementation of
AFM-based data storage and lithography. We propose a
mechanism that describes wear as a thermally activated
atom-by-atom loss process resulting from a lowering of
the barrier to remove an atom due to the stretching of
atomic bonds by frictional shear stress. From this, a wear
model is developed that quantitatively describes our data
for the entire range of applied loads and sliding distances
studied.
The wear experiments were performed using a home-

built AFM and compliant (0:15 N=m) silicon cantilevers
[7] with tips that we assume were initially covered with a
2–3 nm native oxide. The AFM is housed in a vacuum
chamber to facilitate control of the experimental environ-
ment. Prior to each experiment, the chamber was
baked and pumped to high vacuum and then vented
with dry, high-purity nitrogen or dry air (<2 ppm H2O).
As a countersurface, we used a 100-nm film (roughness
� 0:4 nmrms) of cross-linked polyaryletherketone spun
cast on silicon. The material was chosen for its technical
relevance to AFM data-storage applications [4,5]. In all of
the experiments presented here, the polymer does not show
significant signs of wear. Tip-wear experiments were per-
formed by raster scanning a tip over a 30 �m� 6 �m area
of the sample in constant-height mode, i.e., without fast z
feedback, and without the acquisition of image data, to
facilitate the use of high scan speeds. To minimize load
variation to �3 nN, the tip was scanned parallel to the
predetermined plane of the sample surface. The fast-scan
axis (mean velocity of 1:5 mm=s) was driven with a sinu-
soidal waveform to prevent ringing of the scanner. Normal-
force versus displacement curves were taken every 62 cm
(i.e., 41 s) of sliding to provide slow feedback control of
the load force and to monitor the state of the tip as
described below. After every 62 cm of sliding, a reduced
scan velocity was used to acquire an image of the area in
which the fast sliding had been performed, to monitor the
state of the polymer surface.
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In many previous AFM tip-wear studies, wear was char-
acterized using electron microscopy [8–11] or a sharp tip
was used to image the blunted tip [12–14] at the end of the
wear experiment, providing a single value of wear volume
and a measure of the average wear rate, or a few values of
wear volume measured by interrupting the experiment.
Ideally, in order to gain more insight into the wear process,
we would like to monitor tip abrasion in a quasicontinuous
manner during the experiment. To achieve this, we use the
tip-sample adhesion as a measure of the tip-sample contact
geometry. The adhesion depends on the tip and sample
materials (which are constant in this study) and the geome-
try of the tip. Because of the dry conditions applied,
meniscus forces do not play a role. Before and after each
experiment, the geometry of the tip apex was characterized
using scanning electron microscopy (SEM). Initially, the
tips were extremely sharp and well modeled by a cone with
a spherical cap having a radius of 3–5 nm. After a few
meters of sliding, the spherical cap is worn away and the tip
can be modeled as a truncated cone. For this flat punch
geometry, the decohesion (pulloff) force Fadh is propor-
tional [15] to the radius of the flat end a:Fadh ¼ kadha. This
assumption can be verified by comparing the value of kadh
calculated from the adhesion force and the radius of the
flattened tip measured at the end of an experiment. For the
11 tips analyzed in this study with final tip radii between 10
and 50 nm, we obtained kadh ¼ 4:6� 0:9 N=m. The scat-
ter is within the experimental uncertainty in the adhesion
force measurement.

Figure 1 shows an example of a typical wear test per-
formed with an applied load of 5 nN in a dry environment
(artificial air [16]) and a sliding distance of 750 m. After
the wear test, a wear volume of 1:5� 104 nm3 was deter-
mined from preexperiment [Fig. 1(a)] and postexperiment
[Fig. 1(b)] SEM images. Figure 1(c) shows the adhesion
data acquired during the experiment that has been con-

verted into radius versus sliding distance using Fadh ¼
kadha in combination with the radius and adhesion force
measured at the end of the experiment. In this experiment,
initially the adhesion increases rapidly, roughly doubling
within the first few meters of sliding, followed by a con-
tinuous decrease of the rate of change in adhesion. To gain
more insight into the wear process, we systematically
studied the influence of sliding distance and pressure by
performing experiments with applied loads ranging from 5
to 100 nN. Representative examples of the tip radius versus
sliding distance data are shown in Fig. 2.
We first fit Archard’s wear model to the data, i.e., wear

volume V proportional to load force FN and sliding dis-
tance d, V ¼ kFNd, where k is a constant. Applying this
model to our conical tip geometry and solving for the
radius a of the flattened end results in

a / dmFn
N; (1)

with m ¼ n ¼ 1=3. The dash-dotted line in Fig. 1 is a
least-squares fit of this relation to the data illustrating
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FIG. 1 (color online). Wear data for a tip sliding on a polymer
surface with a load force of 5 nN: (a) SEM image of the tip
before and (b) after testing. A contour of the fresh tip is overlaid
to visualize the volume loss (1:5� 104 nm3). (c) Plot of adhe-
sion force and contact radius versus sliding distance. The data
are fitted using Eq. (1) with m ¼ 1=3 (corresponding to
Archard’s wear law) and a fit with free m yielding m ¼ 0:18.
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FIG. 2 (color online). Wear data and fits for representative
experimental runs between 5 and 100 nN load force.
Individual fits (dashed lines) and fits with the same parameters
(solid lines), using Eeff ¼ 0:983 eV and �VaN ¼ 5:5�
10�29 m3 are plotted.
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that Archard’s law does not fit the data. Similarly poor-
quality fits were obtained for the data of Fig. 2. We find that
generally our data cannot be well fitted using a single
exponent as in Eq. (1), and best fits tend to yield m<
1=3. Previously, Maw et al. and Chung et al. also reported
that their AFM wear data are not well fitted by Archard’s
law [8–10,13], indicating that Archard’s law is not gener-
ally applicable to nanoscale wear. The situation appears
analogous to friction, where macroscopic friction laws fail
on the nanoscale [17,18].

Comparing all of the data sets presented in Figs. 1 and 2,
we note that there are several features that provide insight
into the wear process. First, the wear rates in general are
low. For example, for the data of Fig. 1, the average wear
rate roughly corresponds to the loss of one atom per micron
of sliding. Second, wear proceeds as a smooth process,
without indication of fracture. Third, the wear rate in-
creases with increasing applied load, and decreases at large
sliding distance.

The first two observations imply that wear occurs
through an atom-by-atom loss process, which in turn im-
plies the breaking of individual bonds. Such bond breaking
can be described by a thermally activated process governed
by Arrhenius kinetics. Using this approach, the height loss
rate @h=@t of the tip is described as

@h=@t ¼ bfa expð� Ea=ðkBTÞÞ; (2)

with fa and b being the attempt frequency and lattice
parameter, respectively. Ea is an activation energy, kB
Boltzmann’s constant, and T the absolute temperature.

To explain the third observation, we argue that the
activation barrier Ea is reduced through bond stretching
by the shear stress � acting on the bonds. In its simplest
form, the reduction is proportional to the shear stress Ea �
Va� with a constant Va. Va is called the activation volume
and is an empirical material property without direct corre-
spondence to real space.

A similar mechanism has previously been proposed in
the context of nanoscale wear of surfaces under the influ-
ence of an AFM tip [18–22]. In surface wear the rearrang-
ing and recrystallization of removed atoms may be
observed [23] and complicates the analysis. In our case,
the abraded atoms distribute or diffuse away sufficiently
quickly on the countersurface and therefore Eq. (2) is valid
[19]. To fully explain tip wear, however, Eq. (2) (with
reduced activation energy) is not sufficient for two reasons.
First, according to Eq. (2) wear is a function of contact time
and not sliding distance [18]. Second, for the case of tip
wear and not surface wear, we have to assume that � varies
as a function of tip bluntening. We therefore develop the
model further by incorporating the assumption that � re-
sults from the lateral, frictional stress at the interface, and
that � is a function of the pressure acting on the contact and
sliding velocity. Thus, as the contact area increases through
wear, the pressure acting on the tip decreases, reducing the

shear force acting on each tip atom at the interface and
hence resulting in a decrease in wear rate.
Following the analysis by Briscoe and Evans [24], the

dependence of the shear stress on normal pressure
FN=ð�a2Þ and velocity v is assumed to be

� ¼ �0 þ �FN=ð�a2Þ þ ðkBT=VaÞ lnðv=v0Þ; (3)

where �0, �, and v0 are constants [25]. The normal load FN

is given by the applied and the adhesive forces FN ¼
Fappl þ Fadh. Equation (3) has been experimentally vali-

dated for several different tip-sample systems [18,24,28].
To proceed, we relate Eq. (2) to the sliding distance d

using the velocity v ¼ @d=@t, and tip height h is replaced
by the tip radius a. For a conical tip with opening angle �,
the instantaneous ‘‘wear rate’’ is given by

@aðdÞ=@d ¼ tanð�Þðfab=v0Þ

� exp

��Ea

kBT
þ Va

kBT

�
�0 þ �

Fappl þ kadha

�a2

��
:

(4)

Figure 3 shows a numerical solution of Eq. (4). Three
distinct regimes can be identified in the figure. Initially (i),
a small slope is observed in the logðaÞ- logðdÞ relation. The
slope is approximately constant and corresponds to a small
exponent m in Eq. (1). In this regime, the tip is rapidly
blunted, and the wear rate depends strongly on load force
but only weakly on the constant part of the activation
energy, Eeff ¼ Ea � Va�0. This is because the change in
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FIG. 3 (color online). Wear modeled using Eq. (4) using FN ¼
10 nN, Eeff ¼ Ea � Va�0 ¼ 0:95 eV, and �Va ¼ 10�29 m3

(solid lines). The dotted lines correspond to 0.95 eV and load
forces 1 and 100 nN. The dashed lines correspond to 10 nN and
Eeff ¼ 0:9 and 1.0 eV. The slope of Archard’s wear law is plotted
in the dash-dotted line.
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activation energy is largely driven by the pressure under
the tip.

Region (ii) is particularly important for interpreting
previously reported nanoscale wear data. In this region
the exponent m transitions from �0 to 1 over several
orders of magnitude of d. The change of slope is controlled
by a continuous change of pressure under the tip and
consequently a change of the net activation barrier Enet ¼
Ea � Va�. Thus, for small sliding distance wear tests, a fit
using a single exponent m may be possible, and under
certain conditions Archard’s wear law may be a good
approximation.

In the third regime (iii), the wear behavior asymptoti-
cally becomes independent of pressure and is strongly
affected by the effective energy barrier Eeff . In this region,
the normal pressure is too small to contribute to the wear
rate and Eq. (4) can be approximated as

a ¼
�
tanð�Þ fab

v0

exp

��Ea þ �0Va

kBT

��
d: (5)

In order to apply the model to the experimental data of
Fig. 2, we replace the relationship a ¼ h tanð�Þ for a
perfect cone with a function aðhÞ that includes an initial
tip shape with a rounded apex as characterized using SEM.
Not all parameters in Eq. (4) are independent. Fixing the
uncritical parameters with typical values of the phonon
frequency fa ¼ 1012 s�1, and lattice spacing b ¼
4� 10�10 m, and v0 ¼ 1 m=s, we use the effective barrier
Eeff ¼ Ea � Va�0, and VaN ¼ �Va as a fit parameters.

Figure 2 shows five representative examples (out of 10
data sets fitted). Individual least-squares fits lead to Eeff

with a strikingly low standard deviation of 4% around
0.96 eV. VaN is influenced more by experimental errors
and yields values between 10�29 and 1:5� 10�28 m3 [29].
As Eeff and VaN are not orthogonal, a simultaneous least-
squares fit (solid lines) of all data sets yields a slightly
different Eeff ¼ 0:983 eV and VaN ¼ 5:5� 10�29 m3. In
both cases, the magnitude of the fit parameters is consistent
with the assumption of breaking individual bonds.

The good agreement obtained between the model and
experimental data provides a strong validation of the
model. The model provides insight into nanoscale wear,
and allows tip lifetime predictions to be made for emerging
probe technologies.
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