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Abstract—The coefficient of friction of clay minerals at the micro-scale has generally not been studied
due to difficulties in obtaining measurements in a bulk-soil volume undergoing shear at such small scales.
Information on friction at the micro-scale may provide insight into grain-scale processes that operate in
bulk samples or in natural faults. The objective of this study was to develop a method to measure the micro-
scale friction coefficient of smectites. The experiments described show that the axial atomic force
microscopy method can be adapted to easily obtain accurate coefficient of friction (i) measurements for
smectites from force curves involving colloidal probes. The method allows for the measurements to be
performed over spatial scales of a few pum, can be carried out under dry conditions or a wide range of
aqueous solutions, and requires no calibration beyond making a few microscopic measurements of the
probe. This method provides measurements of micro-scale normal and shear forces between minerals,
which can be used for a variety of applications such as the study of shear deformation, consolidation, and
fault dynamics. Control tests of silica on mica (pn = 0.29+£0.02) agree with literature values where limits
indicate one standard deviation. Coefficient of friction values for wet and dry Na-montmorillonite were

determined to be 0.20+0.03 and 0.72+0.03, respectively.
Key Words—AFM, Coating, Creep, Force, Friction, Montmorillonite, Probe, SWy-2.

INTRODUCTION

The coefficient of friction (i) is defined as the ratio
of the tangential force (Fr) to the normal force (Fy)
between two objects in contact.

_dFyp

“_E (1)

The value of p is independent of surface roughness
and contact area but is dependent on the type of
materials in contact and external conditions such as
humidity (Gao et al., 2004).

The design of building foundations often requires the
calculation of the macro-scale compression of clay
minerals over time. Mechanical loading of water-
saturated clays results in compression due to the transfer
of stress from the water phase to the solid phase
associated with hydrodynamic expulsion of water from
the clay, known as primary consolidation. Volume
changes can also result from the continuing adjustment
and breakage of clay particles, which can occur under
constant effective stress and is termed secondary
compression. Typically the parameters defining the
rate of primary consolidation and secondary compres-
sion are determined from laboratory tests on representa-
tive samples of the clay. Based upon these lab results,
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expected settlement of a proposed construction can be
estimated (Lambe and Whitman, 1969).

The p of minerals also plays a fundamental role in the
study of fault dynamics. The behavior and shear strength
of discontinuities in geological masses vary as a function
of the residual friction angle (Price, 2009). The residual
friction angle is related to the resistance of the failed
shear surface after considerable movement. p is also
used to determine the angle at which a fault should form
(Bunds, 2001). A range of earthquake phenomena have
been explained based upon time-dependent ‘rate and
state’ friction laws that incorporate empirical para-
meters, often considering both field data and laboratory
rock-friction experiments (e.g. Scholz, 1998).

Multiple lines of evidence suggest that the strength of
many faults is significantly weaker than would be
expected based on the friction values determined for
rocks in laboratory experiments (e.g. Zoback, 2000;
Holdsworth, 2004), although multiple hypotheses con-
tinue to be tested (e.g. Zoback et al., 2010).

The presence of relatively weak minerals such as
phyllosilicates with small p values may contribute to
overall fault weakness. Fine-grained broken and chemi-
cally altered gouge material along the active traces of
faults often contains clay minerals (e.g. Wu et al., 1975;
Solum et al., 2006; Schleicher et al., 2009; Solum et al.,
2009), and experimental evidence suggests that large
volume percentages or localized concentrated zones of
clay minerals might be required to account for field
observations (e.g. Tembe et al., 2006; Carpenter et al.,
2009). Detailed observations of materials from depth in an
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actively creeping section of the San Andreas fault (the
San Andreas Fault Observatory at Depth or SAFOD
project, Zoback et al., 2010) led to a variety of relevant
findings. Talc, known to have extremely small p values,
was discovered in cuttings of serpentinite from rocks that
are believed to be currently creeping (Moore and Rymer,
2007). In addition, localized <100 nm thick coatings of
several clay minerals, including illite-smectite and
chlorite-smectite, crystallized relatively recently (~4—8
Ma) on the surfaces of gouge grains (Schleicher et al.,
2010). These observations present the possibility that
networks of low-friction phyllosilicates could be respon-
sible for weakening of the San Andreas and other faults
(e.g. Kopf and Brown, 2003; Colletini et al., 2009).
Another complication is that while laboratory experiments
and modeling suggest that the p value of phyllosilicates is
smallest when the preferred orientation of the basal planes
is maximized (e.g. Wintsch et al., 1995; Kock and Huhn,
2007; Collettini et al., 2009), field studies suggest that
clay fabrics are not oriented except perhaps at very
localized scales (e.g. Solum et al., 2009; Wenk et al.,
2010). In all these cases, friction measurements of
smectite and mixed-layer clay minerals can contribute to
the evolving understanding of fault slip.

These applications of p consider friction as a macro-
scale phenomenon. The value of p is often scale-
independent (Gao et al., 2004), but this is not always
the case. For example, Kuhn and Mitchell (1993)
provided evidence that clay creep may be controlled at
the molecular scale by the arrangement of silica
tetrahedra rather than by the macro-scale surface
roughness of the clay particles. Similarly, Dieterich
and Kilgore (1994) attributed frictional forces in rocks to
small-scale forces operating at contact points. However,
no method was available at that time to measure p at
microscopic scales.

This issue may now be addressed via atomic force
microscopy (AFM). The technology has long been used
to image clay-particle morphology (e.g. Blum, 1994;
Bosbach et al., 2000; Bickmore et al., 2001, 2002; Piner
et al., 2003) and has even been used to measure the pore
structure of wet clay (Selvam et al., 2006). Nishimura et
al. (2002) used the AFM colloidal probe technique to
measure normal forces between the basal surfaces of a
synthetic smectite, and AFM has also been used to
measure micro-scale frictional forces by tracking the
torsion of the cantilever during scanning (e.g. Ruan and
Bhushan, 1994; Bhushan et al., 1995; Jones et al., 2004;
Gao et al., 2004; Bhushan, 2005; Gnecco et al., 2005).
However, the latter technique requires painstaking
calibration of both the torsional spring constant of the
cantilever and the lateral sensitivity of the photodetector.

Attard and coworkers (e.g. Stiernstedt et al., 2005;
Attard et al., 2007) recently developed an ‘“‘axial”
method for extracting p values from AFM colloidal
probe force curves. All that is required is precise
measurement of the probe and cantilever dimensions,
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and no other calibration is necessary. The adaptation of
this method to measure the p value of a smectite is
described here. Not only does the technique provide
excellent estimates of p, but one can easily use it to
measure changes in both frictional and normal forces
under widely varying solution conditions.

MATERIALS AND METHODS

In order to apply the technique to clay minerals:
(1) suitable AFM probes were manufactured and char-
acterized; (2) probes and substrates were coated with
smectite, and (3) AFM force curves were obtained and
analyzed to obtain wet and dry p values for smectite.
Each of these steps is described below.

AFM probe manufacture and characterization

Standard AFM tips are relatively sharp with a probe-
tip diameter on the order of 20 nm and a height of
20 um. These sharp tips are useful for imaging purposes,
but they are not ideal for force measurements. The
contact area of the tip is often irregularly shaped, which
makes the effective radius of curvature difficult to
determine. In addition, the contact area of a standard,
sharp AFM tip is relatively small, which can result in
unacceptably low signal-to-noise ratios in force mea-
surements. Finally, a sharp tip is easy to damage when
conducting friction measurements.

To mitigate the problems associated with using
standard AFM tips for friction measurements, custom
AFM probes were produced in house. These probes
consisted of silica glass micro-spheres 50 pm in
diameter (Corpuscular Inc., Cold Spring, New York)
glued to the ends of tipless AFM cantilevers
(Mikromasch USA, San Jose, California, series NSC12
or CSC12, Al-coated).

A cantilever was chosen from each NSC12 or CSC12
chip, with a length varying from 96 to 130 pm. The
micro-spheres were shipped in deionized water. To make
the micro-spheres accessible to the AFM, a piece of
trimmed-to-size, freshly cleaved muscovite was epoxied
to an AFM sample puck and heated on a hotplate at
100°C. The vial containing the micro-spheres was
shaken by hand, and a pipette was used to extract
50 pL from the vial and to drop the suspended micro-
spheres onto the heated puck to dry. The puck was then
allowed to cool.

The AFM probes were assembled using the following
procedure. The AFM chip and chip holder were first
cleaned in a UV/ozone cleaner (BioForce Nanosciences,
Ames, lowa, USA) for 20 min to remove organic-surface
contaminants. A second muscovite puck was made, and
then the AFM chip in the chip holder and the puck were
loaded into the AFM. The cantilever of interest was
located using the AFM optical microscope, and a small
amount of mixed Loctite® Marine Epoxy was dabbed
onto the muscovite using a plastic toothpick. Using the
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AFM as a micromanipulator, the cantilever of interest
was moved over the glue spot and lowered onto the glue.
Care was taken so that only the very tip of the free end of
the cantilever touched the epoxy and that the cantilever
was lowered slowly to prevent it from crashing into the
muscovite and bending excessively. Once the end of the
cantilever was coated in wet epoxy, the tip was raised
sufficiently to allow removal of the muscovite puck. The
micro-sphere-coated muscovite puck was then loaded
quickly into the AFM, and a lone micro-sphere was
located using the AFM optical microscope. The glue-
coated tip of the cantilever was lowered slowly onto the
center of the micro-sphere. Once contact was made, the
cantilever was raised slowly, and the micro-sphere was
attached to the probe. The chip was removed from the
AFM chip holder and placed in a numbered grid gel
case. The glue was allowed to solidify for 24 h to ensure
a strong bond prior to friction measurements.

The dimensions of the probes were characterized
using an Environmental Scanning Electron Microscope
(ESEM) (Philips XL30 ESEM-FEG, FEI Company,
Hillsboro, Oregon, USA). Figure la shows an ESEM
image of one of the probes, and Figure 1b shows a
diagram of a probe marked to illustrate the dimensions
measured. L is the flexible length of the cantilever from
the base to the edge of the glue spot holding the glass
sphere, and L; is the distance from the edge of the glue
spot to the point on the cantilever at which the sphere is
attached. L, is the diameter of the sphere. One must also
obtain the angle 0 between the cantilever and the
horizontal from the AFM manufacturer specifications
(6 < 0). This angle can be estimated as ~—10 to —15° in
most cases (Attard et al., 1999, 2007).

AFM method for measuring smectite coefficients of friction
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The p measurements described here require no
calibration other than the probe dimensions just dis-
cussed and the 0 angle. Measurements of normal forces
between the probe and sample, however, depend on the
normal spring constant of the cantilever. The normal
spring constants of each cantilever was measured before
attachment of the micro-sphere probe via the thermal
method with a Dimension 3100 AFM (Veeco, Santa
Barbara, California, USA) with closed-loop scanning
capability. A closed-loop scanner is necessary for this
method and provides much greater precision in collect-
ing force curves.

Attard et al. (2007) explained that the calibrated
spring constant (k.,) obtained must be corrected for the
modifications made to the probe and the angle of
approach (0). The effective spring constant (keg) is
calculated using equation 2 (Attard et al., 2007).

keal [Lca‘l] } 2)

cos?0 \ Ly

kett =

L., is the full length of the cantilever (which was
also measured with the ESEM) when the thermal method
is used to obtain kg,j.

Clay-coating AFM probes

The reference smectite SWy-2 (obtained from the
Source Clays Repository of The Clay Minerals Society)
was Na ' -saturated, centrifuged, and oven dried to obtain
the <2 pm fraction. Information on how to calculate the
centrifuge time needed for a given size cutoff using
Stokes’ Law was provided by Svedberg and Nichols
(1923). To attach a layer of clay to both the micro-sphere

Figure 1. (a) ESEM image of a 52 pm-diameter glass micro-sphere glued to a cantilever (scale bar=25 pm). (b) AFM probe geometry
parameters (adapted from Attard ez al., 2007) needed to extract p values from force curves.
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Figure 2.2 pm x 2 um AFM images of (a) a glass slide covered with SWy-2 particles (topographic scale =20 nm), and (b) a glass slide

(topographic scale = 10 nm).

probe and a sample substrate, the procedure developed
by Bickmore et al. (1999) was used. A glass coverslip
was epoxied onto an AFM sample puck.
Polyethyleneimine (C,HsN)n, PEI (M.W. 1800,
Polysciences, Warrington, Pennsylvania, USA), was
diluted 1:2000 by mass with deionized water. The puck
was then cleaned in the UV/ozone cleaner for 20 min,
immersed in the PEI solution for 30 s, rinsed con-
tinuously with deionized water for 5 min, oven-dried for
1 h, and allowed to cool. A 0.1 g/L clay mineral
dispersion was prepared using a sonic dismembrator for
10 min. After heating the puck on a hotplate to >100°C,
100 pL of the clay dispersion was pipetted onto the
heated puck and left for 1 min to flash boil the clay onto
the mica substrate. The puck was then rinsed continu-
ously with deionized water for 20 s and dried with
compressed air. Finally, the coated puck was cleaned in
the UV/ozone cleaner for 20 min. The coating coverage
was verified with the AFM in tapping mode using a
standard Si tip to obtain three-dimensional topographic
images, which were compared to images taken of the
plain silica glass (Figure 2). No attempt was made to
measure the coating thickness, however.

A similar procedure was used to coat the AFM
spherical glass probes with SWy-2, but modified slightly
because of the small size of the AFM probe. The AFM
chip was put into the AFM fluid chip holder and cleaned
in the UV/ozone cleaner for 20 min. The AFM chip was
then removed from the chip holder using tweezers and
submerged into a small beaker containing the same PEI
dilution for 30 s. After this step, the chip was immersed
into a second beaker containing deionized water and
held with tweezers in the water for 5 min. The chip was
not allowed to drop into either beaker given the delicate
probe on the end. After returning the chip to the fluid
chip holder, the chip was oven-dried for 1 h and allowed
to cool. A more concentrated, 1.0 g/L dispersion was
made by mixing the clay in deionized water and
dispersing with the sonic dismembrator for 10 min.
The chip was then removed from the chip holder and

held for 30 s in the clay dispersion using tweezers before
immersing it for 2 min in deionized water in a second
beaker. The chip was then placed back into the fluid chip
holder, oven-dried for 5 min, and allowed to cool. An
optical microscope was used to verify that the micro-
sphere was still attached to the cantilever. Finally, the
AFM chip was put into the AFM chip holder and cleaned
in the UV/ozone cleaner for 20 min.

Micro-scale clay coefficient of friction measurements

In the method of Attard and coworkers (e.g.
Stiernstedt et al., 2005; Attard et al., 2007), p estimates
are extracted from deflection-distance curves. One can
obtain force-separation curves from these data, given an
estimate of kg (Figure 3), but, if given a sufficiently
large spherical probe, one can also obtain i estimates
from the hysteresis in the constant compliance region of
the data (Figure 4). This hysteresis occurs because the
probe approaches the sample surface at an angle (0).
When the probe touches the surface, the cantilever
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Figure 3. Force vs. separation on approach and retraction of the
AFM probe for a glass sphere on mica. The maximum normal
force applied was 115 nN.
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Figure 4. Deflection vs. distance curve for smectite shearing on
smectite in a wet environment. Schematics of cantilever
deflection are greatly exaggerated for explanatory purposes.

bends, causing the probe to rotate and slide. The rotation
and sliding are impeded by frictional forces, resulting in
hysteresis between the constant compliance regions of
the approach and retraction curves. Attard and co-
workers (e.g. Stiernstedt et al., 2005; Attard et al., 2007)
derived the equations that provide the value of p in terms
of Ly, Ly, L, 0, and the difference in slope between the
constant compliance regions of the approach and
retraction curves. The sliding velocity during the tip-
sample interaction can also be calculated from these
parameters and the approach and retraction velocities.

The reader should consult Stiernstedt ez al. (2005) for
a complete derivation and explanation of the equations
used to calculate pn and the sliding velocity. One of the
authors (B.R. Bickmore) has created a MatLab program
with a graphical user interface to extract p values and
sliding velocity values from force curves. The program
could easily be modified to load force curves from any
AFM vendor and is available from the author on request.
The program also uses equation 2 to calculate kg and
converts deflection-distance curves to force-separation
curves.

Attard et al. (2007) tested their new axial method for
measuring p against the standard lateral method. They
measured the wet p of silica glass on mica as 0.27+0.01
(36 um diameter silica glass probe, axial method),
0.29+£0.03 (16 pm diameter silica glass probe, axial
method), and 0.31+£0.01 (36 pm diameter silica glass
probe, lateral method) where limits indicate the standard
error on the mean. The results show that the two methods
provide comparable results.

341 force curves were collected using the clay-coated
probes and samples in 0.001 M NaCl solution in the
AFM fluid cell and 74 force curves under atmospheric
conditions (dry). Different probes were used for the wet
and dry tests. The wet friction tests were conducted at
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four different locations on the substrate, and the dry
friction tests were conducted at two different locations
on the substrate. The p values did not appear to change
over time during testing.

RESULTS AND DISCUSSION

Control tests

Several control tests were conducted to ensure that
the procedure described in this paper generated accurate
1 values. Atomic force microscope friction experiments
were conducted to determine the wet p values of silica
glass on mica. Based on these experiments, p =
0.29+0.02 (limits always indicate one standard deviation
in this study’s results), which matches well with the
values determined by Attard et al. (2007) of 0.26 to 0.32
using both the axial and lateral methods.

Another control test was conducted to ensure that
potential leftover PEI (used to glue clay particles to the
probe) was removed using the UV/ozone cleaner.
Remaining PEI would stick to the opposing surface
and lead to erratic behavior and erroneously large p
values. Friction experiments were conducted before the
PEI was applied, after the PEI was applied, and after the
PEI was removed. The results (Table 1) show that the
UV/ozone cleaner removed excess PEI effectively.

The final control test was to ensure that the UV/ozone
cleaning process did not negatively affect the clay
coverage. The smectite-coated substrates were imaged
before and after cleaning, rinsing with DI water, and
drying (Figure 5). The topographic scans before and
after cleaning show that the cleaning procedure did not
adversely affect clay coverage of the substrate.

Experiments

The wet Na-montmorillonite p value was determined
to be 0.20+0.03. These results are in quantitative
agreement with the macro-scale residual p values of
0.07—0.18 reported by Mitchell and Soga (2005) for
Na-montmorillonite and the macro-scale wet p value of
0.21 reported by Moore and Lockner (2004) for smectite.
In the present study, the sliding velocity between the two
surfaces in wet tests was ~1 pm/s, and the maximum
applied normal force was ~800 nN in each test. Velocity
and force variations were negligible. The dry p value
was also measured for montmorillonite as 0.72+0.03,

Table 1. PEI control test results. After application of PEIL the
n value of the probe sample is much greater, but returns to its
original value after UV/ozone cleaning.

Wet p
Before PEI application 0.29+0.01
After PEI application 0.47+0.02
After UV/ozone cleaning 0.28+0.01
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Figure 5. 2 pm x 2 pm AFM images of clay coverage (a) before and (b) after UV/ozone cleaning (topographic scale = 20 nm).

which is in quantitative agreement with the macro-scale
dry p value of ~0.7 measured by Morrow et al. (1982)
and Moore and Lockner (2007). The sliding velocity
between the two surfaces in the dry tests was varied from
0.1-0.5 pm/s, and the maximum applied normal force
was ~180 nN in each test.

The close correlation observed between macro- and
micro-scale L measurements may contribute to a better
understanding of the main factors controlling friction
between smectite particles. Moore and Lockner (2004)
showed that both the wet and dry p values of 2:1
phyllosilicates generally follow very well defined trends
with respect to certain crystallochemical factors. The
wet p values correlate fairly well with the electrostatic
separation energy of the layers (Giese, 1978, 1980; Bish
and Giese, 1981), and exceptionally well with the
amount of tetrahedral layer charge. The dry p values
are exceptionally well correlated with the electrostatic
separation energy of the layers. These observations lend
support to the idea that friction between phyllosilicate
layers is, indeed, controlled by molecular-scale factors
(Kuhn and Mitchell, 1993). While the correlation of
Moore and Lockner (2004) between dry p values and
electrostatic separation energy predicts p ~ 0.4—0.5 for
smectites, the measured values are much larger (p =~
0.7), thus suggesting that non-molecular-scale factors
may be controlling the friction of smectites under dry
conditions. Even though such factors have yet to be
identified, they clearly can involve characteristic dis-
tances no greater than the few pum represented by the
contact area of the micro-sphere probes and sample
surfaces.

One possible solution to this problem involves the
tendency of drying smectites to form particles less than a
few pm across. Smectites are unique among 2:1
phyllosilicates, in that under certain conditions (e.g.
Na'-saturated smectite interlayers and small ionic
strength) the individual layers may completely disperse
in water. When such a dispersion is dried, the layers may
come back together in a somewhat haphazard fashion.
While the layers preferentially aggregate face-to-face

along their basal surfaces, they may be misaligned
horizontally, have different sizes, and so on. As the
individual platelets are quite flexible, they bend to fit
their surroundings, with the result that the aggregates
often form in a shape more like an American football
than a deck of cards. The frictional strength of most
minerals follows Byerlee’s Law, i.e. p =~ 0.85, but
phyllosilicates are a major exception to the rule,
ostensibly because of the parallel planes of weaker
bonds between layers (Moore and Lockner, 2004). If the
orientations of smectite layers in dried samples are sub-
parallel, their frictional strength may be related to more
than just the ease with which individual layers can slide
past one another, and their overall behavior may more
closely approximate Byerlee’s Law. The extremely large
range for montmorillonite p values in macro-scale
experiments (0.06—0.78, Moore and Lockner, 2007)
could perhaps be explained by variable hydration state,
pore pressures, and variability in the thickness and
geometry of particles formed during drying. In natural
systems such as soils and fault gouges, textural relations
among material components and in relation to the stress
field would probably contribute to a variety of initial or
‘static’ friction coefficients. Once deformation begins,
grains may align to give smaller values of ‘dynamic’ or
‘steady-state’ friction, although at least for mont-
morillonite the development of preferred orientation
textures also depends on the hydration state (e.g. Moore
and Lockner, 2004). Alignment of grains would then
potentially reduce the shear strength of the material.
Certainly this explanation is speculative at this point, but
it serves to illustrate how friction measurements at
multiple spatial scales might prove useful.

CONCLUSIONS

The axial AFM method of Attard and coworkers (e.g.
Stiernstedt ef al., 2005; Attard et al., 2007) was adapted
to easily obtain accurate coefficient of friction (p)
measurements for smectites. Using this method, mea-
surements can be performed over spatial scales of a few
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pm, can be done under dry conditions or in various
aqueous solutions, and require no calibration beyond
measuring the AFM probe dimensions. This technique
may also be adaptable to other very fine-grained clay
materials and to fault gouge. Using this technique,
control tests of silica on mica (u = 0.29+0.02) agree with
literature values. Coefficient of friction values for wet
and dry Na-montmorillonite were determined to be
0.20+0.03 and 0.72+0.03, respectively.
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