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An experimental setup, based on the principles of atomic force microscopy (AFM), was use
measure directly the adhesion and rolling-friction forces between individual silica microspheres of
between 0.5 and 2.5mm. It showed that the linear dependence of the pull-off force on the parti
radius is still valid for micron-sized particles. Rolling-friction forces between silica microspheres w
measured for the first time by combining AFM methods and optical microscopy: They are�100 times
lower than the corresponding adhesion forces.

PACS numbers: 81.40.Pq, 61.16.Ch, 83.70.Fn
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Adhesion and friction forces between small particle
are important for a variety of natural phenomena and
dustrial processes. Examples are the aggregation and
persal of powders and colloidal dispersions, and the flo
properties of granular materials. Our particular intere
was raised by the lack of knowledge on cosmic dust a
gregation as a first step in planet formation. Dependi
on the adhesion forces, friction forces, and impact velo
ties, collisions between dust aggregates in the preplane
nebula result in the formation of fluffy fractal structures
of compact aggregates, or in fragmentation [1].

In order to understand and predict the aggregation
small particles, the vertical and tangential forces betwe
two particles in contact need to be known. When tw
particles in vacuum or in a gaseous environment com
close, they usually experience attractive forces such as
van der Waals force. Once in contact, they are inevitab
deformed due to their finite elasticity. Contact betwee
two solid spheres is usually described by the model
Johnson, Kendall, and Roberts (JKR) [2] or by the mod
of Derjaguin, Muller, and Toporov (DMT) [3]. Both
models are based on an earlier analysis by Hertz, w
considered two elastic bodies in contact under an exter
load but ignored attractive interparticle forces [4]. In th
JKR approach, the effective steady-state pressure in
contact circle is assumed to be the superposition of ela
Hertzian pressure and of attractive surface forces wh
act only over the contact area. As a result, a tensile fo
is necessary to separate the adhering particles. This p
off force between two spherical particles is given by

FJKR � 3pRg . (1)

Here g is the effective solid surface energy andR is
the reduced radius of curvature of the two surfaces,R �
R1R2��R1 1 R2�, with R1 and R2 being the individual
particle radii.

DMT published an alternative theory which also ac
counts for noncontact forces in the vicinity of the conta
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area. It predicts a slightly higher pull-off force of

FDMT � 4pRg . (2)

In the JKR and DMT models, the separation forc
between two spherical particles is independent of t
elastic material properties but is a linear function of th
particle size and the surface energy. It turned out that b
models are limiting cases of a more general descripti
[5]. The JKR model is appropriate for large, soft bodie
with high surface energies. For small, hard solid particl
with low surface energy, the DMT model should b
applied [6,7]. For silica�SiO2� microspheres considered
in this paper, the DMT model is expected to give mo
realistic adhesion values.

The main results of JKR theory have been verifie
experimentally for relatively soft materials and surface
with large radii [8–11]. For particles withR , 0.1 mm,
experimental results are rather limited. Rimaiet al. [12]
found that the contact radii for soft�E � 106 N�m2�
and small�3 mm # R # 100 mm� bodies do not depend
on R as predicted by theory. Adhesion forces betwe
particles and planar surfaces have been measured w
the centrifugal method [13–16]. A significant part o
the knowledge about the behavior of powders stem
from such experiments, which are, however, restricted
particles larger than 5mm. Otherwise, the centrifugal
force is not strong enough to detach the adhering partic
from the surface.

Enachescuet al. [17] verified the relation between
contact area and load predicted by DMT theory wit
an atomic force microscope (AFM). Using electricall
conducting tips and assuming that the conductance
proportional to the contact area, they found reasona
agreement between measured and calculated results. W
the invention of the atomic force microscope [18] th
interaction between individual small particles could fo
the first time be measured repeatedly and in detail [1
21]. Still, to our knowledge, the only systematic stud
© 1999 The American Physical Society
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of the size dependence of adhesion forces is the one of
Ando and Ino, who measured forces between flat tips
and submicron-sized asperities [22]. As predicted by the
JKR and DMT models, they found a linear increase of
the adhesion by increasing the size of the asperity. One
objective of this paper is to experimentally verify the
linear relation between the adhesion force and radius for
small and hard particles. This is particularly important
for most industrial powders and aerosols which consist
of small grains. In addition, for irregular particles the
asperities which form the actual contact usually have
small contact radii.

For our experiments we chose spherical silica �SiO2�
particles with particle radii between 0.5 and 2.5 mm
(Bangs Inc., Carmel, California, USA) because silicates
are among the most abundant cosmic substances. To
measure the adhesion force between two solid particles,
silica microspheres were glued with epoxy heat resin
(Epikote 1004, Shell) to a microscopy slide and to the
ends of AFM cantilevers (Digital Instruments, Santa Bar-
bara, California, USA, V-shaped, made of silicon nitride,
190 mm long, 0.6 mm thick) (see inset in Fig. 1). Spring
constants of cantilevers were determined by measuring
their resonance frequency before and after adding small
end masses [23] as described previously [24].

All experiments were done in a specially developed
setup (for details, see Ref. [24]). To obtain the force
acting between two particles, the cantilever deflection
was measured and multiplied with the spring constant.
The deflection of the cantilever was determined by the
change in position of a laser spot reflected off the free end
onto a position sensitive device (United Detectors, UK,

FIG. 1. Pull-off force versus reduced particle radius obtained
from direct force measurements between silica microspheres.
Each data point (solid circles) is an average value from seven
adhesion measurements obtained with one pair of microspheres.
The dashed line represents the best linear regression fit and
gives a pull-off force of 26 nN at vanishing particle radius.
The best linear fit to the data points through the origin of the
diagram has a slope of 0.176 N�m (dotted line). The inset
shows a SEM image of a silica microsphere glued to the end of
an AFM cantilever. The scale bar indicates 3 mm.
active area 30 3 5 mm2). The advantage of a position
sensitive device over the usually used split photodiode is
the significantly larger dynamic range which also keeps a
high sensitivity [25].

Cantilevers were fixed to a movable cantilever holder.
The experimental procedure was started by positioning the
particle on the cantilever a few mm above a particle on
the glass slide. Positioning was done with a micrometer
stage under optical control (precision 0.5 mm) by the
use of two microscopes with long-distance lenses which
were mounted mutually perpendicular. Then, the particle
on the glass slide was moved towards the other particle
using a 15 mm range piezoelectric translator (Queensgate,
DPT-CS, England) until contact was established. The
translator stage was equipped with integrated capacitance
position sensors with an accuracy of 1 nm. After contact
had been established, the glass slide-particle unit was
moved away from the cantilever-particle unit. At the
point of separation, the pull-off force was determined.
Complete force curves were usually taken in 20 s time
intervals. This leads to typical relative velocities between
the particles of 0.5 mm�s which we regard as quasistatic.
The position of the sample and the deflection of the
cantilever were recorded with a digital oscilloscope (12-bit
effective resolution). All experiments were done at room
temperature. After the experiments, the particle radii were
measured using a scanning electron microscope (SEM).

Figure 1 shows our measured adhesion forces versus
reduced particle radii. A regression analysis showed
that, within the experimental errors, the adhesion force
increases linearly by increasing reduced radius R. Ex-
trapolating to zero radius, a linear fit gives a negligible
force of �26 6 6� nN (dashed line in Fig. 1). In this
respect, the results agree with predictions of the DMT
and JKR models. Hence, continuum theories are still ap-
plicable although adhesion-induced particle deformations
are of the order of interatomic distances only [26]. The
adhesion force does not depend on the previously applied
load (0–600 nN), ambient air pressure �102 105 Pa�, or
humidity (10%–40%). Hence, the capillary force due
to a condensed meniscus of water is negligible at such
low humidity, as was observed before [15,27]. From
our measured normalized adhesion force of F�R �
�0.176 6 0.004�stat� 6 0.026�syst�� N�m (dotted line
in Fig. 1), a surface energy of g � �0.0186 6

0.0004�stat� 6 0.0028�syst�� J�m2 is calculated with
the JKR model and g � �0.0140 6 0.0003�stat� 6

0.0021�syst�� J�m2 with the DMT model. Here, the
statistical error is the uncertainty of the slope of the dotted
line in Fig. 1. The systematic error is due to the un-
certainty of determining the spring constants of the
cantilevers. The values of the surface energy are slightly
lower than g � 0.025 J�m2 which has been determined
from the elastic behavior of a silica powder [28] or
g � 0.040 J�m2 as measured by a modified surface force
apparatus [29]. Although the proportionality between
3329
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adhesion force and particle radius was verified, we cannot
explain the low surface energy obtained.

Results from repeated adhesion measurements with one
pair of particles were highly reproducible and showed
a standard deviation of only 4%. In contrast, results
obtained with different pairs of particles having identi-
cal reduced radii varied considerably more and showed
standard deviations from the mean value of 25% which
possibly indicates the presence of small-scale surface
heterogeneity.

Surface roughness is known to decrease the adhesion
force [30]. To get information about the surface rough-
ness of the contact zones, we imaged silica microspheres
with an AFM using oxide-sharpened AFM tips (Olym-
pus Ltd., Tokyo) for high resolution. The roughness (root
mean square deviation from the ideal sphere) was �0, 13 6

0, 01� nm, measured over an area of 50 3 50 nm2, which
is comparable to the contact area [26]. The roughness
value is considerably lower than the expected deforma-
tion d, so that roughness effects should be negligible.

In addition to adhesion, friction forces influence the ag-
gregation, dispersal, and flow behavior of powders and
the processes occurring in collisions between particles.
Based on the JKR theory, Dominik and Tielens have de-
veloped an expression for the friction forces in transver-
sal particle-particle contacts [31]. It turns out that the
sliding-friction forces between spherical surfaces exceed
the rolling-friction forces by many orders of magnitude so
that, in collisions between particle aggregates, restructur-
ing will be caused by rolling of the constituents whenever
the impact energy is sufficiently large. For the rolling-
friction force between two spherical particles, Dominik
and Tielens derived

Fr � 6pgj . (3)

Here, j is the critical rolling displacement, which is the
distance a sphere may roll on top of the other before
irreversible rearrangement in the contact zone occurs.
In general, j should depend on the particle size. A
lower limit for j is given by the mean distance between
neighboring atoms in the material so that j $ 0.2 nm.
The maximum value for j is given by the radius of
the contact area a0 between the two adhering particles.
For R1 � R2 � 1 mm and g � 0.014 J�m2, this sets an
upper limit at j # 14 nm [26] so that we expect a rolling-
friction force between 5 3 10211 and 4 3 1029 N. To
our knowledge, rolling-friction forces between spherical
microparticles have not been determined experimentally.
However, the stick-slip behavior of rolling motion has
been recently investigated for carbon nanotubes [19].

In order to measure rolling-friction forces directly, we
produced chainlike structures of 5 to 20 microspheres and
tested their resistance to a forced motion on one end of
the chain while the other end was fixed to a tipless AFM
cantilever [Fig. 2(a)]. Chainlike structures were produced
from aggregate precursors [32] [Fig. 2(b)] by pulling on
3330
FIG. 2. Principles of rolling-friction force measurements with
particle chains (a). SEM image of a typical microsphere
aggregate precursor (b). Sequence of optical microscope
images taken every 2.5 s during one bending-and-stretching
cycle of a microsphere chain (c). The forced up-and-down
motion of the lower end of the aggregate stems from a
piezoelectric stage which is not visible in the images. The
scale bars in (b) and (c) indicate 10 mm.

an aggregate with the AFM tip until a chain was formed.
Monodisperse silica spheres of 0.95 mm radius (hence
R � 0.475 mm) were used. We investigated a sample of
11 different particle chains on which we applied a forced
up-and-down motion through the piezoelectric translator.
The frequency of the piezoelectric-crystal motion was
kept constant at 0.1 or 1 Hz with peak-to-peak amplitudes
of 4 or 8 mm. For these experiments, the high-resolution
long-distance microscope was additionally equipped with
a video camera which allowed us to observe structural
changes in the chains. Figure 2(c) shows an example
from a measurement cycle which encompasses a total
of 500 images. Each of the snapshots in Fig. 2(c) was
taken roughly 2.5 s after the previous image shown,
thus representing a full measurement cycle, starting from
maximum stretching on the left side. A movie of the
particle chain oscillation under external forced motion is
also available [33].

We calculated Fr from the measured force at the
position of maximum angular restructuring of the particle
chains, taking into account each individual geometric
arrangement (lever arm) as imaged by long-distance
microscopy.
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In total, we sampled 122 force-displacement cycles
for the different particle chains, oscillation amplitudes,
and frequencies mentioned above. We get Fr � �8.5 6

0.3�stat� 6 1.3�syst�� 3 10210 N for the mean rolling-
friction force. The statistical error is the uncertainty
of the mean value calculated from the results of all
122 force cycles. Peak-to-peak variations of individual
force measurements were as much as a factor 3. The
systematic error is due to the uncertainty of determining
the spring constants of the cantilevers.

Using the theory of Dominik and Tielens [31] with
g � 0.014 J�m2, a critical displacement j � 3.2 nm is
calculated. This is larger than the minimum displacement
of 0.2 nm anticipated by Dominik and Tielens. It is,
however, not unrealistic since it is still much smaller
than the calculated contact radius. Hence, the critical
displacement is of the order of ten interatomic distances
rather than one.

In conclusion, with a novel approach we verified the
proportionality between adhesion force and particle radius
as predicted by DMT theory for microspheres with radii
between 0.5 and 2.5 mm. Rolling-friction forces between
the same microspheres were measured to be �0.01 of
the corresponding pull-off forces. This is 1 order of
magnitude larger than previously estimated.
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