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Adhesion between weakly rough beads
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Cohesion effects are of prime importance in powders and granular media, and they are strongly affected by
the roughness of the grain surface. We report measurements of the adhesion force between surfaces of Pyrex
having a nanometric roughness, with a surface force apparatus. The two surfaces are immersed in liquid
n-dodecane. The adhesion force measured is much smaller than expected in the case of smooth surfaces. We
find that the adhesion force depends on the maximal load that has been applied on the surfaces, but does not
depend on the time during which they have been in contact. We propose a model of plastic deformation of the
small asperities in a macroscopic Hertz contact which is in good agreement with the experimental data.
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Recently, there has been growing interest in the effect
cohesion in granular media. There are many industrial p
cesses and environmental situations involving cohes
granular media, and they are encountered as well in geop
ics problems, in soil mechanics, and in the industrial proce
ing of powders. In the field of soil mechanics, cohesive
fects are usually taken into account at the macroscopic s
by a stability criterion relating the normal and tangent
componentst ands of the stress tensor in the medium@1#:

t,c1s tanf, ~1!

where tanf is the internal static friction coefficient of th
granular medium, andc is some cohesive stress. This coh
sive stress is purely phenomenological, and there is l
understanding of how it relates to ‘‘microscopic’’ properti
of the contact between grains. One reason for this is
adhesion phenomena are usually studied with smooth
clean surfaces, whereas adhesion of real surfaces is stro
dependent on their roughness. Cohesion effects are, how
very important in granular matter made of small grains, a
lead to effects such as clumping and fracture.

It is usually considered that cohesion effects are very
portant in humid granular media, because of the capill
forces exerted by small liquid bridges that form at the co
tacts between grains. Some recent experimental work
aimed at quantifying the effect of a very small volume
liquid in a granular medium on its maximum stability ang
@2–4#. An attempt to connect the ‘‘microscopic’’ cohesio
force to the macroscopic cohesion stress was propose
Halsey and Levine@5# who studied the cohesive stress due
small liquid bridges between the beads in a granular m
dium. They showed that surface roughness is the key par
eter determining the importance of the capillary cohes
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force between grains. They also emphasized the size eff
induced by cohesion: in the case of a granular heap for
stance, Eq.~1! predicts that failure occurs at the bottom
the heap for a critical angle of the free surface depending
its height h @5#: tanum5tanf(11c/rghcosum), with r the
mass density of the granular material andg the gravity in-
tensity. Therefore, ifc is a constant independent of the no
mal stress, cohesion effects should vanish at large size.
effect, however, was not observed in experiments in hum
granular media. More generally, the specific dependenc
the cohesive stress ons has to be known to discuss siz
dependences in avalanche processes.

In this work we address the problem of solid-solid adh
sion forces between rough surfaces. We study Pyrex surf
of nanometric roughness immersed in liquid dodecane
order to prevent any capillary adhesion. We use a surf
force apparatus~SFA! to measure the ‘‘pull-off’’ force, i.e.,
the maximum value of the adhesion force obtained just
fore the surfaces are pulled apart. Our main result is tha
contrast to the case of smooth surfaces, the value of
adhesion force is not solely determined by the surfaces th
selves, but depends on the maximum normal loadFmax that
has been applied on the surfaces before pulling them ap
We find thatFadh scales asFmax

1/3 . We interpret this result
with a model of plastic deformation of the asperities. Th
result could have some important consequences for the m
roscopic properties of granular media because it leads
cohesive stress that depends on the normal stress in the
pile. Such a dependency is not generally taken into acco
in modeling granular media. The importance of solid-so
cohesion forces could also explain some recent results
submarine avalanches@6#.

Our system consists of a plane and a sphere of radiuR
51.860.1 mm, both of fire-polished Pyrex. The surfaces a
first rinsed in an ultrasonic bath and then placed in a flam
The typical roughness of the surfaces prepared using
procedure was measured with an atomic force microsc
~AFM! ~Fig. 1!. According to the measurements, the rm
roughness of the surfaces on a 10310mm2 scan is less than
5 Å. The peak to peak roughness of the surfaces, which is
e-
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significant quantity for quantifying the asperities, is 10
The surfaces are mounted on the SFA described in@7#. This
SFA consists of two double-spring cantilevers, allowing m
tion of the surfaces in the direction normal to the plane on
The displacement of the plane is measured by a Noma
interferometer, with a resolution of 0.1 Å. It is proportion
to the forceF acting on the plane; the stiffness of the can
lever supporting the plane isk52000 N/m. The cantilever
supporting the sphere can be moved in the direction nor
to the plane with a piezolectric element. The relative d
placement of the surfaces is measured with a capacitive
sor, with a resolution of 1 Å. The whole system is placed
a chamber in the presence of a desiccator (P2O5). A drop of
n-dodecane is put between the surfaces. The drop is l
enough that we can neglect the variation of the capill
force when the surfaces undergo a relative motion of
order of a few micrometers.

An experimental run consists of the following: the su
faces being initially located 50–100 nm apart, the spher
moved toward the plane at constant velocity~1 nm s21! be-
yond mechanical contact. Figure 2 shows the forceF be-
tween the surfaces as a function of the relative displacem
x. When the surfaces reach mechanical contact, a repu
force is measured due to the elastic repulsion of the
solids. The repulsive force increases until a valueFmax. We
then stop the relative motion of the surfaces, which are k
under the constant loadFmax during a waiting timetw . At
this point, the relative motion of the surface is reversed at
same velocity. The force exhibits a small hysteresis and g
through a minimum whose amplitude is the pull-off for
Fadh .

Figure 3 shows the evolution of the adhesion forceFadh
between the surfaces as a function of the waiting timetw for
a value of the normal loadFmax522565 mN, which is of the
order of magnitude of the weight of the sphere. The fi
important result is that the adhesion force measured is t
orders of magnitude smaller than expected for smooth id

FIG. 1. ~a! Image of a plane of Pyrex obtained with an AFM
This shows the very small rugosity of the surfaces responsible
the weak adhesion observed between the sphere and the plan~b!
Height profile of a Pyrex surface measured on the black line in~a!.
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surfaces. The adhesion force between two ideal spheres
been calculated in the case of an elastic contact@8–10#:

FS-S5 f pgR ~2!

with R the sphere radius,g the solid/interstitial medium sur
face tension~g5gSG if the spheres are in a gas atmosphe
andg5gSL if they are immersed in a liquid!, andf a numeri-
cal factor between 1.5 and 2. The lower valuef 51.5 corre-
sponds to the Johnson-Kendall-Roberts~JKR! calculation@8#
and is obtained when the attractive forces are strong eno
to deform the sphere surfaces. The higher valuef 52 corre-
sponds to the Derjaguin-Muller-Toporov~DMT! calculation
@9#, and is reached in the opposite limit of weak attracti

FIG. 2. The interaction forceF between the surfaces as a fun
tion of the relative surface displacementh. The sign of the force is
chosen so that a repulsive force is positive. The arrows indicate
direction of the relative motion of the surfaces.Fmax is the maxi-
mum force applied. The adhesion forceFadh is the pull-off force,
i.e., the opposite of the minimum force measured, just before
surfaces jump apart.

or

FIG. 3. The pull-off forceFadh of the surfaces as a function o
the time tw during which they have been in contact. During th
time the value of the normal load isFmax522565 mN. The dashed
line is the mean value of the adhesion force for this load.
1-2
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and rigid solids. The JKR formula is usually used for adh
sion in vacuum or in a dry gas, whereas the DMT express
is used in a liquid medium, sincegSL is usually smaller than
gSG. The JKR-DMT transition has been solved theoretica
and studied experimentally with atomically smooth mica s
faces by Maugis and Gautier-Manuel@10#.

In our system a crude approximation to estimate
Pyrex-dodecane surface tension is@11# gSL5(AgL2AgS)2

wheregL526 mJ m22 is the dodecane surface tension a
gS the pyrex surface tension in vacuum. A typical value
gS for a ceramiclike Pyrex isgS'1 J m22. This leads to
gSL'0.7 J m22. Therefore the adhesion force between
smooth sphere and plane in dodecane should lie betwee
mN and 16 mN~in the case of a contact between a sph
and a plane, the limiting values forf are 3 and 4!. Therefore
the nanometric roughness of our surfaces significa
screens the solid-solid interactions@12#.

We have studied the dependency of the adhesion forc
the timetw during which the surfaces are held in contact, a
on the maximum normal load applied to the contactFmax.
We find that the adhesion force does not depend significa
on tw ~Fig. 3!. However, it depends significantly onFmax
~Fig. 4!. Since the contact timetw is not an important param
eter, the maximum load has been reached at a cons
sphere velocity, and not in a constant time. The depende
observed is a scaling lawFadh}Fmax

1/3 . Clearly this result is
not compatible with the theoretical predictions for smoo
surfaces. It is not compatible either with a purely elas
contact, since the surfaces keep the memory of the maxim
load that has been applied to them at the point where t
pull apart. This shows the occurrence of some plastic de
mation in the contact.

Bowden and Tabor suggested that, in a contact betw
solid surfaces that are not atomically smooth, the plastic
formation of asperities should induce an adhesion fo
which depends on the normal force@13#. Their idea is that
rough surfaces are in molecular contact only at the tips
their asperities, and because of the short range of attrac

FIG. 4. Evolution of the adhesion force as a function of t
maximum load forceFmax to the power 1/3. The dashed line repr
sents the best linear fit of the data.
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interactions only this molecular contact of areaAr contrib-
utes to the adhesion force. On the other hand, this areaAr
depends on the normal load that has been applied on
surfaces, because of the plastic deformation of the tips of
asperities:

Ar5Fmax/H, ~3!

whereH is the hardness of the solid material.
We use here the analysis of Bowden and Tabor to prop

an expression for the adhesion force between rough cu
surfaces. As long as the maximum loadFmax does not exceed
the elastic limit of the bulk of the solids, the overall defo
mation of the surfaces remains elastic, with stresses
strains in the bulk being given by Hertz’s classical analys
The area of this elastic contact region between the solid

Aapp5paH
2 5pFFmaxR

E* G2/3

~4!

with E* 52E/3(12n2), E and n being the Young modulus
and Poisson ratio of the solid material. Inside this cont
region, the surfaces are in contact only at the tips of th
asperities. We assume that outside those solid-solid junct
the solid-solid interactions are negligible. The surface f
energy gained in applying the load is thengSLAr . We now
assume that the number of such solid-solid junctions is la
Then, everything happens as if the surfaces were smo
with an effective surface tension

geff* 5gSL

Ar

Aapp
. ~5!

Using Eq.~2!,

Fadh54gSLR
1/3E* 2/3Fmax

1/3 /H. ~6!

We have assumed here that the DMT model is valid (f 54)
since the glass surface is a hard surface and the adhe
through dodecane is weak.

This expression gives a dependency of the adhesion
the power 1/3 of the maximum normal load, which is in go
agreement with our experimental results. Indeed, the hyp
esis of a large number of solid-solid junctions should
realized in our system since the roughness is weak. Wit
value ofH56 GPa for the Pyrex hardness@14#, and assum-
ing a typical area of 9 nm2 for a solid-solid junction, the
number of junctions under the loadFmax5225mN is 4500.
Using Eq. ~6!, one can estimate the value of the Pyre
dodecane surface tension from the prefactor of theFmax

1/3 de-
pendency ofFadh observed in the experiments. WithR
51.8 mm, E560 GPa, and n50.3 one finds gSL
50.430 mN/m, which is the order of magnitude expected
the Pyrex/dodecane surface tension.

In this paper, we have experimentally studied the ad
sion force between two moderately rough surfaces of Py
immersed in a liquid, with an original surface force appa
tus. We have shown that a roughness of 1 nm is enough
the adhesion force to decrease to a small fraction of its
oretical value for ideally smooth surfaces. In this system
1-3
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have not found any dependency of the adhesion force on
time during which the surfaces have been in contact,
times ranging from some seconds to 1 h. This means tha
creep of the asperities in contact is negligible on those t
scales. The main result of this study is that the adhesion fo
increases as the power 1/3 of the maximal load applied to
surfaces. We find that this effect can be explained with
crude model of plastic deformation of the tips of the aspe
ties in contact, in good quantitative agreement with the d
An important feature of this model is that the adhesion fo
does not depend on the detailed shape of the roughness.
a law for the adhesion of real contacts could be interes
for a better understanding of adhesion effects in powder
granular media. With such an adhesion law between two
faces, we can estimate the effective surface tension betw
s

P.

ur

ni
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two glass beads of 200mm diameter immersed in dodecan
at the bottom of a pile. If the height of the pile is 10 cm, th
Eq. ~6! leads to an effective surface tension of a few mJ m22.
This should lead to measurable effects in the mechanic
granular materials. Therefore it would be important to t
this adhesion law with roughnesses of various sizes. Ano
important question is the role of the layer of liquid trapp
between the asperities of the surfaces. Further work is
progress to understand these effects.
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