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Capillary Aging of the Contacts between Glass Spheres and a Quartz Resonator Surface
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The strength of the contacts between small glass spheres and the surface of a quartz crystal resonator
has been probed based on the increase of resonance frequency induced upon sphere contact. The acoustic
interaction between the sphere and the plate is modeled as a low-frequency coupled resonance; the
dependence of the resonant parameters on overtone order lends support to this model. After exposing the
sample to humid air and drying it again, the contact strength increases at least tenfold due to capillary
forces—we observe a hysteretic form of the sand-castle effect. Repeated wet-dry cycles reveal logarith-
mic capillary aging with time. The experiments suggest that the drying of the liquid bridges leads to a
contraction of small voids in the contact zone, subsequently increasing cohesion.
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Wet granular materials are of tremendous importance in
everyday life. The understanding of their static and dy-
namic behavior has implications in many diverse fields
such as the pharmaceutical, construction, and agricultural
industries as well as in a number of geophysical problems.
The introduction of small amounts of liquid can dramati-
cally alter the physical properties of granular assemblies
[1,2]. This is commonly known as the sandcastle effect
[3,4]. Underlying this phenomenon, interstitial liquid
bridges form between particles through capillary action
resulting in increased interparticle cohesion [5–8] and
modified sliding friction [9–11]. Several studies have fo-
cused on interparticle forces of either granular assemblies
or individual particles as a function of humidity or liquid
content [4,5,12,13], aging time [5,13], resting angle [13],
particle size [4,13], and solvent chemistry [12,13].
Quantifying the interparticle interactions is an important
step in understanding the bulk mechanics of granular
media.

The quartz crystal microbalance (QCM) is a well-known
tool to probe the properties of materials on its surface
based on acoustic interactions. As has first been pointed
out by Dybwad, the QCM can be used to probe the elastic
stiffness of a contact between the crystal surface and a
sphere placed on the crystal [14]. The fact that the sphere
increases the frequency (rather than decreasing it in pro-
portion to its mass) points to a type of interaction where the
increase in stiffness of the sphere-plate composite resona-
tor outweighs the increase in mass. As such, this technique
provides a new access to the mechanics of particle-plate
contacts. Moreover, if the interaction between the crystal
surface and the particle mimics the interparticle interac-
tion—which is a reasonable assumption if the surface
chemistry and the surface roughness are comparable—
then the QCM can also probe the interparticle forces
present in granular assemblies. Importantly, the technique
is nondestructive [15]. Time-dependent phenomena like
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curing of an adhesive contact, sintering, capillary aging,
or weakening of an adhesive bond under solvent exposure
can be followed in situ without ever breaking a bond.
Competing techniques usually quantify the adhesion via
the force of detachment [16].

The experiments were performed with three different
instruments. The first one was the QCM-D (Q-Sense),
which probes frequency and dissipation based on the
ring-down technique in the time domain. We also used a
network analyzer (HP E5100, Hewlett-Packard) to mea-
sure the admittance spectrum including higher overtones
(up to 75 MHz) and extracted frequency and bandwidth by
curve fitting with the resonance curve. Finally, we used the
RQCM (Maxtek), which measures frequency and resist-
ance changes by means of a phase-locked-loop oscillator
circuit.

Quartz crystals (Q-Sense) with a gold coating had a
fundamental resonant frequency of 4.95 MHz and an rms
surface roughness of less than 2 nm as measured by atomic
force microscopy. Prior to measurement, the crystals were
rinsed with pure ethanol, dried with nitrogen, and exposed
to an oxygen plasma (75 W) for 5 min to remove organic
residues, resulting in a hydrophilic surface. Borosilicate
glass spheres (MO-SCI) with diameters DS of 700� 50,
200� 20, 100� 20, and 45� 5 �m having an approxi-
mate surface roughnesses of 10–20 nm were used as
received. The spheres were deposited by hand in an amount
corresponding to a monolayer. Upon gentle tapping, they
formed hexagonal arrays with a number density N [see
Eq. (3)] equal to 2=31=2D�2

s . Temperature and humidity
were controlled by means of a flow cell, where the humid-
ity was regulated with two mass flow controllers in con-
junction with a water channel.

Figure 1 shows the shifts in frequency and half band half
width (�) obtained with 200 �m spheres in a typical
sequence of wet-dry cycles taken with the QCM-D.
When the spheres were first put down on the surface, the
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FIG. 1. Typical data set obtained while cycling between vapor
and dry states for 200 �m spheres on a gold-coated quartz
crystal. The solid, dashed, dotted, and dash-dotted lines represent
the harmonics, 5 MHz, 15 MHz, 25 MHz, and 35 MHz, respec-
tively. (a) The frequency peaks represent the dry states. The
general procedure was to collect a baseline of the bare crystal,
add the glass spheres (spheres were directly poured from the
original vials onto the quartz crystal until monolayer coverage
was realized—additional spheres above the monolayer had a
negligible effect on resonant frequency though we minimized
this in order to achieve mass transport uniformity of vapor
between runs) and let stabilize, flow approximately 95% water
vapor (the cell was kept at a slighter higher temperature, 
1 �C,
than the vapor channel to prevent droplet condensation) for an
extended period of time (60–240 min), and then cycle between
dry nitrogen and vapor states at select ramp rates and hold times.
The fine dotted line represents the percent humidity. (b) The half
band half width (�) trace shows peaks at the transitions between
the wet and dry states. The conversion of dissipation (D � Q�1)
to � is � � Df=2.
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frequency slightly increased at all resonances. Once the
vapor was introduced, all harmonics experienced a further
slow increase in frequency with time. After extended ex-
posure to vapor, the cell atmosphere was ramped to the dry
state. At approximately 65% relative humidity, the fre-
quencies increased drastically along with a corresponding
peak in bandwidth. The behavior of the crystal in subse-
quent wet-dry cycles was essentially reversible. All three
instruments measured comparable increases in frequency
and dissipative losses.

In the following, we describe how the strength of the
sphere-plate contacts can be inferred from the (positive)
frequency shift induced by a monolayer of rigid spheres
[14]. Even though the distribution of forces presumably is
complex, the essence of the model can be captured by
representing the sphere by a point mass, ms, coupled to
the crystal through a complex spring with constant, ~� �
�� i!� where the real part, �, represents an elastic force
and the drag coefficient, �, quantifies a withdrawal of
energy from the oscillation. The equation of motion for
the mass-spring assembly is

ms
d2w

dt2
� ���w� u� � �

d
dt
�w� u�; (1)
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where w � W exp�i!t� and u � U exp�i!t� are the dis-
placements of the sphere and the crystal surface, respec-
tively. We define the resonant frequency and the damping
coefficient of a sphere as !s � ��=ms�

1=2 and � � �=ms,
respectively. The sphere exerts a stress on the crystal
proportional to the relative displacement, w� u, and the
shear stiffness of the contact. The exerted stress, �, is

� � �N��� i!���W �U�

� Nms�!
2
s � i!��

!2

�!2 �!2
s � i!��

U; (2)

where N is the number of spheres per unit area (hexagonal
packing in our case). The load impedance, ZL, the ratio of
stress to velocity, is given by

ZL �
�
i!U

� �iNms!
�!2

s � i!��

�!2 �!2
s � i!��

: (3)

According to the small-load approximation [17], the com-
plex frequency shift �~f � �f� i�� is given by

�f� i��

ff
�

i
�Zq

ZL �
Nms!
�Zq

�!2
s � i!��

�!2 �!2
s � i!��

; (4)

where ff is the frequency of the fundamental, � is the half
band half width of the resonance, and Zq � 8:8�
106 kg m�2 s�1 is the acoustic impedance of AT-cut quartz.
Equation (4) can also be derived from a continuum picture,
modeling the contact regions and the spheres as a soft and a
hard layer situated above each other. Using Eq. 18 in
Ref. [18] and expanding all tangents to first order leads
to an equation of the same form as Eq. (4).

At frequencies ! much less than !s, the motion of the
sphere is in phase with the motion of the crystal. We obtain
�f=ff � �N!ms=��Zq�, which is equivalent to the
Sauerbrey relation. In the opposing limit of !	 !s, a
much different picture is found; one obtains [14,19–22]

�f� i��

ff
�

Nms

�Zq!
�!2

s � i!�� �
N

�Zq!
��� i!��

�
N

2�2Zqnff
��� i!��: (5)

For !	 !s, inertia holds the spheres in place in the
laboratory frame; only the stiffness of the contact is
probed. The shifts of frequency and half band half width
are proportional to � and �, respectively. Our analysis rests
on this simple relation. We have confirmed Eq. (5) by
means of a rigorous electromechanical model that uses
the mechanical impedance in Eq. (3) as a boundary con-
dition [23]. Equation (5) predicts a positive frequency shift
proportional to the inverse overtone order. As shown in
Fig. 2, �f scales as 1=n, indicating that the condition!	
!s underlying Eq. (5) is fulfilled. The scaling with 1=n is
fulfilled a little less well for the smallest sphere size than
for the other spheres. Calculating !S from the spring
constant as determined with Eq. (5) and the mass of the
spheres, one finds that !S is, indeed, comparable to ! for
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these small spheres. A diameter around 40 �m is at the
lower size limit of spheres that can be investigated with the
technique described here.

Based on Eq. (5), we conclude that the strong increase in
frequency observed after one wet-dry cycle should be
attributed to an increased stiffness of the crystal-sphere
contact. An increased cohesion after exposure to a liquid is
known from dry sandcastles. Figure 2 also shows that the
frequency shift increases with decreasing sphere size,
which is a consequence of the increased packing density.

The interpretation of the wet-dry hysteresis is based on
capillary forces arising from vapor condensing around the
contacts [24,25]. The dependence of capillary forces on
humidity, contact angle, surface roughness, mechanical
compliance of the load-bearing asperities, shear stress,
and time is an active field of research [11,13]. Wetting of
the space between rough surfaces is known to be a hyste-
retic process in the sense that liquid bridges—once
formed—persist after the vapor pressure is lowered again
[5]. Figure 3 depicts a sketch (not to scale) of what we
believe to occur. In the initial dry state, the contact is made
across a few small asperities. These nanosized points of
contact transport little stress and, therefore, are of almost
no influence on the resonance properties. As the humidity
increases, ring menisci form around the points of contact,
which gradually increase the normal force and, as a con-
sequence, the shear stiffness. When the Kelvin radius ex-
ceeds the scale of surface roughness, new liquid bridges
form between asperities that were not initially in contact
and liquid begins to fill large portions of the interparticle
space. Also an elastic instability may occur, by which the
wetted area around an asperity discontinuously increases,
pulling the two surfaces together at the same time.

Upon drying, the radii of curvature of all menisci de-
crease. As a consequence, the Laplace pressure at the tip
asperities increases and elastically deforms these regions
into having greater contact. The ensuing solid-solid con-
tacts are much stronger than the initial contacts as evi-
denced by the very substantial frequency increase. This
strengthening is achieved by a convolution of an increased
stiffness of the individual contacts and an increased num-
ber of contacts. This phenomenon differs from the sand-
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FIG. 2. Plot of the dry-state frequency shift vs overtone order.
Straight lines for each sphere size have slope 1=n showing the
inverse overtone dependence predicted by Eq. (5).

05830
castle effect previously described [3,4] in that our granular
medium displays increased stiffness after it has dried. We
observe a hysteretic form of the sandcastle effect. An
estimation of the forces involved shows that this scenario
requires either nanoscale roughness or a mechanical stiff-
ness of the load-bearing asperities, which is below the bulk
modulus. Both seem possible.

In principle, the increased contact stiffness could also be
caused by bridges of salt or contaminants accumulating at
the points of contact. In order to check for the salt-bridge
hypothesis, we used organic solvents, in which ionic com-
pounds would be insoluble, and still observed wet-dry
hysteresis, albeit with a smaller amplitude. To address
the possible migration of surface contamination to the
points of contact, we coated the gold electrode with a
self-assembled monolayer (SAM) of 1-hexadecanethiol,
which is hydrophobic. No wet-dry hysteresis was seen on
the hydrophobic surface even though it should still attract
contamination. However, upon subsequent oxygen plasma
exposure to remove the SAM, hysteresis was once again
observed.

The hypothesis that a deformation mechanism (asperity
flattening or void contraction) underlies this hysteresis
effect is corroborated by the maximum in half band half
width, �, observed during the dry-wet and wet-dry tran-
sitions. The time at which this maximum occurs is different
for the different overtones. This suggests that the peak in �
relates to a shift in a retardation time, which passes through
the accessible frequency window as the sample dries or fills
with liquid. The deforming structure can be represented by
a Voigt element—a dashpot with a drag coefficient, �loc, in
parallel with a spring with constant, �loc. This drag coef-
ficient describes the dissipative interaction across the liq-
uid; it should be inversely proportional to the height of the
gap. The Voigt element gives rise to a retardation time of
the order of �loc=�loc, which shifts as the region around the
asperity contracts or expands. The dissipation of the crys-
tals peaks when the resonance frequency matches the
inverse retardation time.

By repeatedly ramping the sample between dry and wet
states over extended times, we proved the QCM to be a
monitoring device of capillary aging. Bocquet et al. have
FIG. 3. Schematic drawing of the contact zone between the
glass sphere and quartz resonator surface. The strength of the
interparticle contact increases by either the formation of new
bridges or by an elastic instability driven by the spreading of the
wet area in a shallow wedge.
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FIG. 4. Dry-state frequency shifts for 200 �m spheres at 95%
and 75% humidity. Cycles between humid and dry states with
step-change transitions lasted 60 min per cycle. The straight line
drawn along the peaks of the 95% data trace illustrates logarith-
mic time dependence.
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studied capillary aging based on the angle of first ava-
lanche in a rotating drum [5]. This study probed aging in
the wet state by disrupting the bonds, while we intermit-
tently cycled the sample to the dry state and measured the
shear stiffness of the contacts in this state. Given these
differences, it is not obvious that the spring constant should
increase logarithmically with time in the same way as the
critical angle increased logarithmically in the experiments
by Bocquet et al. Figure 4 shows changes in resonant
frequency for experiments where the humidity was repeat-
edly cycled (30:30 min , wet:dry) between either 0% and
95% or 0% and 75%. The straight line represents a loga-
rithmic aging. The fact that we find a logarithmic aging
suggests that the shear stiffness is, indeed, a faithful indi-
cator of interparticle cohesion.

Bocquet et al. argue that thermally activated formation
of new liquid bridges—as opposed to asperity creep—is
the mechanism underlying the aging kinetics [5]. We have
tested these hypotheses by varying the cycle time. Since
cycling produces local contractions of asperity regions, it
should accelerate asperity creep, and one would expect the
frequency shift for a given, fixed wet-state time to increase
with the number of cycles. However, this is not the case,
proving that creep is not the main aging mechanism. Only
at the very late stage of the aging experiment (Fig. 4) do we
observe some irreversibility in the sense that the wet state
shows an increase in frequency with time. Simultaneously,
the frequency shift in the dry state starts to deviate slightly
from the logarithmic time dependence. Possibly, some
creep sets in at this time.

In summary, probing the strength of particle-surface
interactions via the frequency shift of a quartz crystal
resonator gives insight into the details of the contact me-
chanics without disrupting bonds. A strong wet-dry hys-
teresis is observed, which is attributed to a hysteretic form
of the sandcastle effect. In accordance with previous ex-
periments using destructive techniques, we find logarith-
05830
mic capillary aging, which indicates that the shear stiffness
of the interparticle junctions is correlated to the forces of
dry-state particle cohesion.
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