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Microscopic and macroscopic effects of surface lubricant films in granular shear
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Experiments were conducted to investigate the link between particle-particle interaction forces and the bulk
properties of granular shear using an idealized system of near-spherical, monosized glass beads. The atomic
force microscopy colloidal probe technique was employed to investigate the adhesion and friction between a
single bead and a second glass surface, while the annular shear cell was used to measure the shear properties
of the bulk granular material. A covalently bound monomolecular film of aliphatic chains was introduced to
alter the tribological interactions between the particles. The atomic force microscope was used to measure the
reduction in the particle-particle surface forces resulting from the addition of the boundary lubricant, while the
shear cell showed that the effect of the lubricant film was to reduce the coefficient of internal friction and the
dilation during shear. This is an experimental study to provide quantitative data linking particle-particle inter-
action forces and the shear properties of a granular body.

PACS number~s!: 83.70.Fn, 61.43.Gt, 81.20.Ev
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I. INTRODUCTION

Shear in dry granular materials is a complex phenomen
Consider, for example, the range of processes occurrin
various length scales in a granular body. At the sing
particle level, the solid-phase properties of elasticity, plas
ity, and toughness are important. At the particle-parti
level, if the interfaces slide and roll past one another,
tribological properties of friction, adhesion, and wear are i
portant, while in static contact, chemical reactions at the
terface can alter the bulk properties of the assembly.
slightly longer length scales stress chains become impor
and the bulk responses of dilation and contraction beco
evident. Finally, considering the bulk material, some regio
may be in motion while others are static, and between th
regions complex transitions can occur.

Traditionally, this complexity has meant that granular m
terials have been modeled as a continuum. The basic
sumption used is that, as with fluids and monolithic soli
there exist length scales above which fluctuations at the
croscopic level may be ignored. In this way, useful pred
tions of a granular material’s bulk properties can be ma
with no reference to its discrete nature.

This is not to suggest that the correlations between
properties of the individual particles and the bulk mater
have been ignored. For example, differences in particle m
phology can be related with some confidence to differen
in granular behavior@1,2#. Furthermore, computer simula
tions of granular mechanics are providing significant insig
into the links between the properties of individual partic
with those of the bulk material@3,4#.

However, while the effects of single-particle interactio
properties on the bulk mechanical behavior is of signific
interest, it is an area of study which has received little
perimental attention. Wolfrum and Ponjee@5,6# altered the
surface properties of metal and metal oxide powders usin
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covalently bound lubricant film and found this altered t
compaction properties of the bulk powder. However, t
study did not include a direct investigation of the partic
particle interaction properties. In another study, Mullier, T
zun, and Walton@7# developed a single-particle friction ce
for measuring contact frictional properties of granular ma
rials, a device which allows internal and wall friction me
surements of particles down to 500mm in size with an ac-
curacy of 0.01 N. Their measurements of normal a
tangential compliance during microslip and the internal a
wall friction coefficients were found to have a numb
of implications in the simulations of the flow of granula
materials.

The current work describes a significant extension to t
idea. The atomic force microscope~AFM! @8# allows adhe-
sion and friction measurements to be made using parti
1–30mm in diameter. This approach combines two branch
of force work being conducted with the AFM: nanotribo
ogy ~adhesion, friction, lubrication, and wear at the nano
cale@9–15#! and colloidal physics~the interactions of colloi-
dal particles with a second surface—primarily although n
exclusively in the normal direction@16–21#!.

The approach taken in the current work was to not o
quantify the tribological interactions at the particle-partic
level using an AFM, but also to manipulate it through t
addition of a boundary lubricant. The lubricant employ
was identical to that of Wolfrum and Ponjee: a covalen
bound monolayer of aliphatic chains. This coating is sho
to alter the magnitude of the particle-particle interacti
forces. Hence it was a means of manipulating the tribolog
component of granular shear: the interaction forces as
ticles slide and roll past one another. The annular shear
was used to quantify the effects of the lubricant in the b
material. The work presented here represents an impor
step in our understanding of the fundamental role of surf
films in a sheared granular material.

II. EXPERIMENT

A. Materials

Points of contact within granular systems occur betwe
two surfaces which are geometrically characterized by lo
8369 ©2000 The American Physical Society
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relative curvature. For a given normal load, this curvat
determines the stress field in the contact region. For simp
ity in the present work, the standardized geometry o
sphere on a plane was chosen to study the particle l
tribology. As will be shown, the normal loads considered
the AFM experiments generated contact stresses of the o
of the contact stresses in the shear cell and were sufficie
cause a wide range of tribological features, including lub
cant film failure.

To further simplify the study, near-spherical, soda-lim
glass beads~Polysciences! were used in both the AFM an
annular shear cell. In the AFM experiments, individual bea
were selected from a sample with nominal diameters in
range 10–30mm. These were glued to AFM cantilevers u
ing a two-part epoxy resin. For the shear cell experime
sieved~150–180mm! glass beads were used.

The vitreous silica plates used in the AFM experime
were made from Suprasil silica and were supplied polis
to optical smoothness~H. A. Groiss, Australia!. The AFM
was used to determine their surface roughness. Images o
surfaces revealed that in a 2.532.5mm2 scan the standard
deviation of the height within the scan area around the m
value was 0.660.2 nm. In a 10310mm scan, the standar
deviation was 1.260.4 nm. The applied load during imagin
was 2362 nN. These loads were calculated fromforce
curves recorded before and after each image. AFM for
curves and their interpretation are discussed in Sec. II D

B. Surface condition preparation and assessment

Unlubricated and lubricated surfaces were prepared
use in both the shear cell and AFM. The unlubricated sil
surfaces were prepared via a 20-min sulphochromic tr
ment @22#. This preparation both cleans the surface and
creases the density of surface silanol groups, resulting in
extremely hydrophilic surface on which a sessile water d
produced a thin wetting film. Colloidal probes were clean
prior to use by exposure to ultraviolet radiation for 1–2 m

The surface lubricant film was formed via a chemical
action between the surface hydroxyl groups and stearic~oc-
tadecanoic! acid. After the reaction, the surfaces were co
ered with a monomolecular layer of aliphatic chains. T
coating technique is similar to that described by Wolfru
and Ponjee@6# with the exception that the surfaces were fi
cleaned in sulphochromic acid to fully hydroxylate the s
faces. A magnetic stirrer was employed when cleaning
beads to prevent agglomeration. After cleaning, the mate
were washed several times in water and dried in vacuum

To coat the surfaces, the material was suspended
solution of 1 wt % stearic acid in mesitylene~1,3,5-trimethyl
benzene!. The beads were again stirred to prevent agglo
eration. Nitrogen was passed through the system for up t
hour to form an inert atmosphere, before heating the solu
to 100 °C at which it was maintained for at least 3 h.

Following the coating procedure, the surfaces w
washed several times with hot~50–60 °C! toluene to remove
the unreacted physisorbed acids. The sample was then
and stored in vacuum. Contact angle measurements sho
no variation with time when the surfaces were stored t
way. The diffuse reflectance infrared Fourier transfo
~DRIFT! spectra method was used to determine whether
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expected reaction had taken place. It showed a metal ste
stretching frequency at 1570 cm21 and C-H bonds around
2900 cm21. No unreacted carboxylic acid which would cau
a peak at 2900 cm21 was indicated.

The AFM was also used to characterize the lubricant fi
first to determine the film coverage and, second, to qua
tively explore the film’s resistance to wear. A series of thr
images is shown in Fig. 1. Each consists of two d
sets: the height~or AFM! data on the left and the friction

FIG. 1. Three AFM images of a coated silica flat which sho
the lubricant coverage and the ease with which the surface films
be damaged under an AFM tip.~a! 10-mm scan at an applied load o
162 nN. ~b! 2.5-mm scan at an applied load of 3662 nN. ~c!
10-mm scan at an applied load of 162 nN over the same region a
~a!. The square where image~b! was recorded is visible in the
center.
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~or LFM! data on the right. Variations in height and frictio
are indicated by variations in gray scale: in the AFM im
age, the higher the topographical element, the lighter
tone, and in the LFM image, the lighter the tone, the grea
the interface shear resistance.

Figure 1~a! is a 10310mm2 image, scanned at an applie
load of 162 nN. The origins of the lighter patches, rese
bling splashes on the surface of the plates, are unkno
From the AFM and LFM images, these regions appear to
higher and have a higher friction.

Figure 1~b! is a 2.532.5mm2 image, scanned at a signifi
cantly higher applied load of 3662 nN. Note that the detai
present in the previous image is lost. Finally, Fig. 1~c! is a
10310mm2 image, once again scanned at 162 nN. It is of
the same region as Fig. 1~a!. Some of the same distinguish
ing features can be seen in both images~a! and~c!. However,
in image ~c!, the 2.532.5mm2 square from the imaging o
image~b! is clearly visible in the center. Hence, at the high
applied load, the surface film is damaged by the tip. Inde
the lubricant has been mechanically removed and lies
small pile at the edge of the imaged square.

These images indicate the lubricant film does not prov
a perfect coverage. In the 10310mm2 image area, there ar
many regions of higher friction. It is interesting to note th
imaging at the lower applied load did not appear to degr
either these marks or the lubricant film. However, at
higher applied load, the surface stearate film has been
chanically removed. This behavior will be discussed in m
detail in Sec. III, in which the frictional characteristics of th
lubricant film are examined in a more quantitative fashio

C. Shear cell

A Wykham Farrance ring shear cell was used to cond
the annular shear cell experiments. As illustrated in Fig. 2
load was applied to the upper platen, and as the ann
rotated, the torque necessary to prevent the upper pl
from rotating was recorded. To ensure that failure occur
within the granular material and not at the sample/pla
interface, emery paper with a mean grit size similar to
dimensions of the glass beads was glued to the surface o
upper platen. The success of this procedure could be asse
in two ways. First, the shear response of granular-wall f
tion is significantly different to granular internal friction
granular wall friction is associated with flat and abrupt pe
shear strengths@23#. Second, by carefully pouring the gran
lar material from the lower platen following a shear cell te

FIG. 2. Schematic of the annular shear cell used in the b
shear property studies. A normal loadN is applied to the lid and the
torque M necessary to restrict the lid from rotating is recorde
Changes in the height of the lid,dy, are also monitored. Dimen
sions are in millimeters. Since the particles were sieved to 0.
0.18 mm, the width and depth of the test sample were appr
mately 75 and 30 particle diameters, respectively. This is suffic
to remove ‘‘edge’’ effects due to the confining surfaces@23#.
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the loose material in and above the shear zone would fl
easily out before the compacted material below. If there w
a reasonable amount of this material, it was safe to ass
that failure did not occur at the platen/sample interface.

The changes in height of the sample were also record
This device was designed by Bromhead primarily f
geotechnical analysis@24# in which the emphasis is on th
measurement of the sustained yield locus. However, it
been shown that with careful design of the experimen
technique, the annular shear cell can give measuremen
the peak shear strength in excellent agreement with thos
linear testers@25,26#. In the present work, the experiment
procedure of Wilms and Schwedes is followed@25#.

D. Atomic force microscopy

A Nanoscope III~Digital Instruments! Multimode AFM
was used to conduct the particle friction and adhesion exp
ments. The calibration of the AFM has been described e
where @27#. Individual beads, in the 10–30mm size range,
were attached with a two-part epoxy resin to the end
single-beam, etched silicon cantilevers~Digital Instruments,
model TESP!.

The cantilever probe was mounted in a Digital Instr
ments fluid cell in a clean laminar flow cupboard and t
assembly was then installed in the AFM. High-purity nitr
gen ~BOC gas code No. 034! was passed through the flui
cell containing the sample and cantilever probe for appro
mately 30 min prior to an experiment. A slight positive pre
sure was maintained throughout the experiment to ensur
ingress of atmospheric air.

Two basic modes of operation were employed in t
quantitative AFM force work; the first gives aforce curve
and the second afriction loop. An example of a force curve
for a clean, hydrophilic glass bead interacting with a sim
larly treated silica glass flat, is shown in Fig. 3. Force curv
plot cantilever deflection versus sample position as the pi
advances and retracts the silica flat, making and break
contact with the bead attached to the cantilever. The arr
in Fig. 3 indicate the direction of travel. TheZ position zero
is defined by the maximum height to which the sample
driven by the piezo. AtA, the two surfaces are a significan
distance from each other and there is no interaction betw

lk

.

–
i-
nt

FIG. 3. AFM force curve recorded between a clean hydroph
silica glass colloidal probe and a similarly treated silica surfa
with arrows indicating the advancing and retracting piezo trac
Figure lettering is explained in the text.
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the two. As the sample nears the surface, the van der W
attraction results in the two surfaces jumping into contac
B. The sample and bead, then in contact, move togethe
the compliance region. On retraction, the surfaces stay
contact until the adhesive force is matched by the spr
force atC, and the surfaces separate. AtD the surfaces are
again a significant distance from one another and there i
interaction between the two. For the purposes of this stud
‘‘good’’ force curve has a flat and sufficient base line
define zero tip deflection, since this corresponds to zero
teraction between the surfaces. It also has a compliance
gion sufficient to calibrate the photodiode response to
deflection and, hence, determine the applied and meas
forces between the interacting surfaces. Finally, the fo
curve should be conducted on a scale of similar order to
adhesive forces between the surfaces.

The result shown in Fig. 3 is typical of the interactio
between clean, dry, hard surfaces@28,29#. In the following
section, results are presented which demonstrate the im
tant role the lubricant film plays in altering these intera
tions.

The second mode of operation, in which the silica flat
rastered from side to side under the bead, gives the fric
data. The interpretation of the resulting friction data is d
scribed elsewhere@27#. Force curves were captured befo
and after each set of friction experiments. These were n
essary in order to calibrate the applied load during the f
tion experiments. However, they also provide important
formation regarding the nature of the surface interactions
‘‘set’’ of friction experiments involved a series of friction
loops being recorded over a range of applied loads. E
friction loop gives the friction force for a particular applie
normal load. Typically, the first of these friction loops w
recorded at or near zero applied load. The photodiode v
age corresponding to zero cantilever displacement,
hence zero applied load, was established from the fo
curves prior to commencing the friction experiments. T
load was then increased in small increments and frict
loops were recorded at each setting. The maximum l
which could be applied was a function of the normal sti
ness of the cantilevers (2062 N m21) and the maximum
normal cantilever deflection prior to the signal going o
scale, limited by the alignment of the detector system. T
effect of varying the maximum applied load on the friction
response was not investigated. The load was then decre
until the surfaces separated, frequently under a negative
plied load. This is a result of the complex interaction b
tween friction and adhesion. The results to be presented
show that altering the surface chemistry alters both the f
tional response and the adhesive forces between the surf
Furthermore, friction testing was found to damage the s
face films, further complicating the interactions between
surfaces.

III. ATOMIC FORCE MICROSCOPY RESULTS

The purpose of the AFM friction experiments was
compare the interaction properties of the unlubricated
lubricated surfaces. This was achieved by gluing a bead w
the surface chemistry of interest to an AFM cantilever a
measuring its adhesion and frictional properties agains
als
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surface with the same surface pretreatment. Two sets of m
surements are presented: first between clean, hydrop
silica surfaces and, second, between silica surfaces coat
a covalently bound, monomolecular lubricating layer of a
phatic chains.

A. Unlubricated surfaces

The characteristic frictional response of the unlubrica
surfaces is summarized in Fig. 4. There was an initial lin
dependence of friction on applied load as the load was
creased. This is pathA in Fig. 4. These results are shown
Fig. 5 for five different probes with radii 10–12.5mm. A
least-squares fit of these results to a linear relation of
form F5mP1F0 , whereF is the friction force andP the
normal load, gives a coefficient of friction ofm51.83
60.13 and friction at zero applied load,F055106150 nN.
This value for the coefficient of friction appears high. ‘‘Mac
roscopic’’ measurements of the coefficient of friction
glass on glass from the literature show that its value depe
on the cleanliness of the surfaces. When glass surfaces
freshly formed or, as with the present work, they are che
cally cleaned, the coefficient of friction may reach unity@30#.
However, the measurements reported here differ significa
from previously reported experiments because of the r

FIG. 4. Frictional behavior of unlubricated surfaces. PathA is
the initial near-linear dependence of friction on applied load as
load was increased from zero to its maximum value. PathB is the
frictional response as the load was decreased or for any subse
testing over the same wear track.

FIG. 5. Initial frictional response of the unlubricated surfac
for five different colloidal probes with bead radii 10–12.5mm.
These results correspond to pathA in Fig. 4.
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tively small size of the beads and the high contact stres
involved. Due to the acute radii of curvature, the surfa
topographical features may be comparable in size to
gross body dimensions. Hence it is reasonable that their
tional characteristics differ significantly from those display
by gross bodies@31#. Kendall has reported that for such e
treme cases the friction coefficient can be double that
ported at high loads in macroscopic experiments, due to
interaction between surface adhesion and friction@32#. This
phenomenon will be discussed in more detail shortly.

Decreasing the normal load or, indeed, for any subseq
testing over the same wear path, the friction force showe
significantly different response. This is pathB in Fig. 4. For
clarity, only two examples of this behavior are shown in F
6. For reasons which will be discussed below, the con
area during sliding is also plotted for these two beads,
culated using the Johnson-Kendall-Roberts~JKR! theory of
contact mechanics@33#,

a35
R

K
@P16gpR1A12gpRP1~6gpR!2#, ~1!

wherea is the contact radius, from which the contact ar
may be determined,R is the radius of the sphere,K is the
bulk elastic modulus,P is the applied load, andg is the
surface energy.

The simple linear relationship between the frictional
sponse of two surfaces and their true area of contact is
established@34–36#. Furthermore, for a wide range of su
faces, the JKR theory of contact mechanics has been fo
to accurately predict the area of contact between smo
spheres and flat surfaces while accounting for the adhe
between those surfaces@35#. The results presented in Fig.
indicate that for these worn hydrophilic surfaces, the fr
tional response is that of a smooth sphere sliding o
smooth flat surface. The fit in Fig. 6 was achieved by ass
ing a linear relationship between the frictional response
the contact area predicted by Eq.~1!. It used the true radii of
the two spheres,R510 and 12.5mm, and the bulk elastic
modulusK549 GPa, calculated from the material propert
of the soda lime glass beads and the silica flats@30#. The
fitting parameter was the surface energy, which gaveg

FIG. 6. Response of two unlubricated probes subsequent to
wear track being fully developed. This corresponds to pathB in Fig.
4. The contact area, calculated using JKR theory, is also show
es
e
e

c-

-
e

nt
a

.
ct
l-

a

-
ll

nd
th
on

-
a
-
d

s

50.0015 J m22. This value is less than the surface ener
calculated from pull-off curves, which varied from 0.0025
0.0075 J m22. It is also less than those measured by Vi
et al. for atomically smooth silica surfaces in sliding conta
of 0.005–0.015 J m22 @37#. These variations are most likel
due to the initial roughness of the two contacting surfac
which is known to have a significant influence on measu
ments of surface energy@35#.

It is well established that friction is proportional to th
true area of contact. Furthermore, relations between
roughness of two contacting surfaces and the frictional
pendence of those surfaces in sliding contact are well de
oped. For example, from Archard’s analysis of an arbitra
contact@38#, the friction forceF may be written

F'kP9, ~2!

wherek is a constant dependent on the form and elastic pr
erties of the surfaces,P is the applied load, and the indexn
also depends on the surface roughness. For Hertzian
tacts,n52/3, but as the number of asperity contacts within
given contact region increases,n approaches unity, from
which Amonton’s law follows.

An explanation for the form of the results in Figs. 5 and
follows from this. Initially and as the load is incremental
increased to its maximum value, the surfaces contact
number of asperity contacts. While it is impossible to det
mine how many contacts form between the surfaces, the
nificant cohesion, or friction at zero applied load, suggest
may be very few. This would also explain the relatively hig
coefficient of friction displayed during the initial loading
Although the surfaces are not ‘‘smooth,’’ adhesion clea
plays a crucial role in the frictional interaction. Hence fittin
a straight line to the data may be misleading. Rather, it m
be that insufficiently high loads have been applied to rev
any curvature in the frictional response.

However, subsequent to the maximum load being appl
the frictional response follows a different, clearly nonline
path. This result indicates that the contact region chan
during friction testing: with repetitive testing, the numb
of contact points is reduced. That is, the contact undergo
transition from multiple asperity to single-region contact du
ing the loading cycle. This unusual result is consistent w
the following mechanism. On the surface of hydrophil
silica is a relatively soft, gel-like layer of intertwined poly
meric chains of Si~OH!2-O-Si~OH!2-OH. Previous studies
have shown this film to be around 1–2 nm thick@37#,
roughly the same dimension as the surface irregularities
the polished flats. Under the high pressures applied h
asperities in the silica gel layer are smeared out, reducing
number of contacts between the surfaces. Note that this
sponse was found to occur only if all the testing were co
centrated on one wear track and only subsequent to the m
mum applied load being applied. The frictional response th
indicated that contact between the surfaces on the worn t
was made over a single region, as opposed to the mult
asperity contact of the initially rough surfaces.

The limitation of Archard’s analysis is that it ignores th
effects of adhesion between the surfaces. The JKR the
describes the more sophisticated relationship between

he
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plied load and contact area when adhesion is also pres
This theory was used to estimate the contact area consi
with the friction response in Fig. 6. The experimental resu
match the predicted form of the area of contact extrem
well. This suggests that, as a first approximation, the w
contact region may indeed be described as the interfac
two ‘‘smooth’’ surfaces.

Of course, the JKR theory is not the only theory dev
oped to describe the elastic contact of smooth surfaces.
applicability of the JKR model depends on the value o
nondimensional parameter@35#

m t5S Rw0
2

E* 2z0
3D 1/3

, ~3!

whereR is the radius of the sphere,w0 is the work of adhe-
sion ~5 twice the surface energyg!, z0 is the equilibrium
spacing in the Lennard-Jones potential andE* 5@(1
2m1

2)/E11(12m2
2)/E2#21 is the combined elastic modulus

where Ei and m i are the Young’s modulus and Poisson
ratio of surfacei respectively. The parameterm t is a measure
of the magnitude of the elastic deformation compared w
the range of surface forces. Johnson found that for slid
contacts, the JKR theory predicted the contact area acc
ably well for values ofm t greater than about 0.2@35#. In the
present work,R510mm, z0'0.2 nm @35#, E* 538 GPa,
and from the pulloff forces,w050.0160.005 J m22, and
hencem t is 0.3–0.6. Therefore, if the surfaces are contact
at a single region of contact, the JKR theory should desc
the contact geometry.

The JKR contact area modeling also allows the peak c
tact pressures generated during friction testing to be ca
lated. From Hertzian analysis, the peak stresss0 encountered
between a sphere and a flat being pressed together by loP
is given by@39#

s05
3P

2A
, ~4!

where A is the true area of contact. In the friction expe
ments illustrated in Fig. 6, the 10mm radius sphere suffers
maximum applied loadP of approximately 2000 nN, a
which the contact area was around 2.5310214m2. Hence the
peak stress is this case was approximately 120 MPa, whic
sufficient to plastically deform the relatively soft gel-layer o
the glass surfaces@37#.

These results highlight the complex role of surface fil
in the frictional interactions of particulate media, even in d
conditions. In the next section, the frictional interactions
considered for surfaces with two surface films: the ‘‘na
ral’’ silica gel layer and the introduced monolayer of a
phatic chains.

B. Lubricated surfaces

Results with the lubricated silica surfaces also indic
that the interactions and degradation of the surface fi
strongly influence the frictional response. Figure 1 show
that the lubricant film could be damaged by the interact
with the AFM tip, once the applied load exceeded a criti
level. Here we examine this effect in more detail.
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Two normal force curves are shown in Fig. 7. The first
these was recorded prior to any friction testing between
coated surfaces, and there is evidence of a lubricant coa
influencing the surface interactions on advance and ret
tion. First, the lubricant films reduce the van der Waals
traction between the two surfaces. This can be seen in
7~a!; there is no ‘‘jump’’ into contact as the sample a
proaches the sphere. Second, once contact is made an
surfaces are forced together, the lubricant films intertwi
On retraction, the resulting interdigitation of the surfa
films must be overcome. This results in a gradual disenga
ment, which occurs over approximately 20 nm of pie
travel. This is significantly longer than the combined leng
of the two films (232.4 nm) @40#. However, the disengage
ment conditions are complex: the surfaces are not smo
and as we have seen, the lubricant films are themselve
tached to soft films of intertwined polymeric chains whic
may effect the results. It is also likely that the surfaces p
out of contact rather than pulling cleanly apart. It is therefo
not unreasonable that disentanglement takes consider
longer than the combined length of the two films.

The second normal force curve, Fig. 7~b!, was recorded
after a set of friction tests and shows the effects of so
damage to the lubricant film: as the surfaces approa
there is a small jump into contact, and as the sample rece
the jump out of contact is more abrupt. However, enga
ment and disengagement do not yet resemble the results
the unlubricated surfaces~Fig. 3!. As the friction results be-
low show, it was only through repetitive shearing at the
loads that the lubricant films were completely removed.

Figure 8 shows the results of friction testing between
two surfaces. The first two sets of friction data are show

FIG. 7. Force curves recorded~a! before and~b! after the first
set of friction experiments. The larger jump into contact on a
proach and the more abrupt disentanglement on separation su
damage to the lubricant films in~b!.
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The force curve in Fig. 7~a! was recorded before the ‘‘1s
Friction Set’’—the solid diamonds in Fig. 8—and the forc
curve shown in Fig. 7~b! was recorded between this and t
‘‘2nd Friction Set’’—the open triangles in Fig. 8.

There is more scatter associated with the first set of res
than with subsequent friction experiments. This result i
consequence of the unusual contact mechanics encoun
at the interface during the initial testing. In this series
experiments, the surfaces were covered in two soft fi
s: the silica gel layer and the lubricant film. The results
Fig. 7 indicate that the pressures applied during friction te
ing were sufficient to damage these surfaces~see Sec. III A!.
As this occurs, the magnitude of the frictional response v
ies significantly from trace to trace. It is therefore difficult
conclude the magnitude of the lubricating effect of the lub
cant film. However, it appears the lubricant film reduces
friction at zero applied load. This is consistent with the
duced adhesion seen in the normal force curve plots.

An interesting result in Fig. 8 is that there is little diffe
ence between the frictional response of the ‘‘worn’’ lub
cated surfaces~for ‘‘set 2,’’ m51.74 andF05508 N) and
the unlubricated surfaces prior to the wear path being fu
developed (m51.8360.13 andF055106150 N). This is
despite the significant influence the lubricant film still has
the magnitude of the adhesion between the surfaces. Th
considered in more detail in Fig. 9, which shows theretrac-
tion half of the force curves recorded before and after e
set of friction traces. The first two, recorded before and a
the first sets of friction experiments, have been shown
ready~Fig. 7!. In Fig. 9, the force curves recorded after t
second and third sets of friction experiments are also sho
The same trends noted earlier continue in these traces:
pull-off force increases, and the interdigitation of the lub
cant films as the surfaces separate decreases. Indeed, th
trace is very similar to the force curves recorded betw
unlubricated surfaces~Fig. 3!. It follows that the final set of
friction results should resemble the frictional behavior of tw
unlubricated, hydrophillic surfaces. As shown in Fig. 10, t
is indeed the case. The third set of friction results show
linear increase in the friction with applied load; then, as
load is reduced, the response resembles the JKR-type be
ior seen previously in Fig. 6.

This study demonstrates the significant role of surfa
films in determining the forces of interaction between

FIG. 8. Friction versus applied load for the first two sets
friction tests on lubricated surfaces.
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single particle and another surface. This is not a surpris
result, although some of the interactions are unusual. In
unlubricated material, we suggest that the surface gel-
layer is particularly important in determining the nature
the frictional response. Repetitive sliding produces a w
path in the soft gel layer. This results in a change in
contact mechanics: the friction at zero applied load
creases dramatically, and the frictional response resem
that for a smooth elastic contact and has been modeled u
the JKR theory of contact mechanics.

The response of the lubricated surfaces is even more c
plex. In this case, two surfaces films are present: the
gel layer and the covalently bound aliphatic chains. The
fect of the lubricant film is to reduce the adhesion betwe
the surfaces. However, the film is damaged relatively quic
at the pressures considered here. Hence, although it se
the frictional response is altered by the lubricant film, due
the damage the repetitive testing incurs, it is difficult to e
tablish the virgin film performance. We will return to con
sider these points in the following section when interpret
the shear cell results.

f
FIG. 9. Tip deflections as the sample retracted, recorded be

and after the three sets of friction experiments.

FIG. 10. Friction versus applied load for three sets of LFM tes
The arrows indicate the progressive application of applied load
the third set of friction tests. By this stage, the lubricant appear
have been completely removed and the frictional response is i
tical to that of the unlubricated surfaces shown in Fig. 5.
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IV. SHEAR CELL RESULTS

The annular shear cell was used to assess the chang
the shear behavior of a granular material altered exclusiv
through the manipulation of the surface films on the in
vidual particles: that is, to determine the effect of the kno
reduction in particle interaction forces on the shear respo
of the bulk granular material.

In a typical shear cell test, normal loads are applied a
the shear strength of the material for given consolidat
conditions is recorded. As an example, Fig. 11 is an ann
shear cell test on an unlubricated sample, with a 62.3-
consolidation pressure and an 18.1-kPa test pressure.
the shear stress and height of the sample are shown. R
ring to the lettering in Fig. 11, shear commences under
consolidation pressure ata, and the shear stress and bu
density increase to the steady-state condition correspon
to that applied pressure. Atb, there is a small amount o
stick-slip motion beginning to occur. This phenomenon
considered elsewhere@41,42#. Only the steadyresponse of
the material will be discussed here.

Once the steady-state condition has been achieved
shear drive is stopped. Note that the height of the sam
does not change; it is not until the shear stress is remo
that the shear zone collapses. This is the change in he
b* . This event is known as contraction. While dilatancy a
contraction are well-known properties of granular materia
the role interparticle friction plays in the development a
collapse of shear zones is poorly understood. To this po
the material is being preconditioned prior to evaluation at
selected test pressure.

At c, the applied pressure is reduced to the testing p
sure, and the material expands. Following Wilms a
Schwedes@25#, only that load is removed which reduces t
consolidation load to the test load. This promotes the p
ferred stress distribution in which the maximum shear str
is encountered at every point across the radius simu
neously. At the normal stresses examined here, the relaxa
of the sample as the load is reduced is quite significant. S

FIG. 11. Shear stress and sample height changes versus tim
an annular shear cell experiment. The consolidation pressure
62.3 kPa and the test normal pressure was 18.1 kPa. Figure lett
is explained in the text.
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there is typically little particle rearrangement as the load
reduced@23#, a significant portion of this change in height
due to elastic recovery in the granular assembly.

The shear stress is then reapplied. There is a delay be
the material begins to dilate, and the shear stress incre
almost linearly over this region. This suggests that the ma
rial is responding elastically to the applied shear in this
gion. As dilation in the shear zone starts, the material we
ens, although the shear stress continues to increase un
maximum is reached atd. This is thetestshear strength. As
the material in the shear zone continues to expand, the s
stress drops to the level associated with the test nor
stress,e. Shear is then sustained with no further dilation.

Most studies of the shear properties of granular mater
are concerned primarily with the strength of the material
normal and shear loads are applied. However, in many
plications there is also interest in the material response
ing the reduction of these loads. Atb in Fig. 11, the shear
stress is removed and the shear zone contracts, while atc the
applied normal pressure is reduced, and the sample expa
Comparisons and analyses are presented here of these s
responses for the lubricated and unlubricated materi
However, before these are presented, we consider the s
states at the points of contact in the annular shear cell
periments, allowing meaningful comparisons with the trib
logical properties examined in the AFM experiments.

A. Local stress states

In a shear cell experiment, the true stresses present a
points of contact between particles substantially exceed
apparent or continuum stresses used to characterize the s
state of the bulk granular material. However, it is possible
deduce an approximate relationship between the two. I
real granular material, the true stresses encountered a
points of contact depend on coordination number, size dis
bution, and particle shape. However, making the assump
of mono-sized spheres in a simple cubic array and ignor
shear stresses at the points of contact, Page showed tha
peak contact stresss0 is related to the bulk compressiv
stresssxx by the relation@43#

s050.978E2/3sxx
1/3 , ~5!

assuming Poisson’s ration50.3. The soda-lime glass bead
used here have a Young’s modulusE572 GPa@30#. For this
example, using the test normal pressure in Fig. 11~518.1
kPa! as the bulk compressive stress, the peak contact s
s0>440 MPa. This is larger, but of the same order, as
peak stresses applied with the AFM. Conclusions may the
fore be drawn regarding the origin of the response of
bulk material in the annular shear cell using the knowled
gained from the AFM experiments of the tribological pro
erties of the lubricated and unlubricated materials.

B. Sample shear strength

The shear strength of the lubricated and unlubrica
samples for consolidation loads of 62 and 298 kPa are s
marized in Fig. 12. Clearly, there is a significant reduction
the internal friction angle associated with the addition of t
boundary lubricant to the material system.
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From the AFM results, it is known that the lubricant film
reduced the surface interaction forces. However, repeti
friction testing also damaged the lubricant film, reducing
effectiveness. By comparison, over the length scales of
shear cell experiments, typically 2–3 mm or approximat
1% strain, there was no appreciable change in the gran
shear strength for the lubricated samples. That is, the
was maintaining its effectiveness. This result highlights o
of the complexities of this study. In the AFM tests, the co
tact region between the particle and surface is controlled,
it is possible, within certain limitations, to assess the rate
effect of the destruction of the lubricant film. Howeve
within the shear zone of the granular body, particle-parti
contacts occur in a random fashion. Hence, after 3 mm
travel, ‘‘virgin’’ contacts are still occurring.

Nevertheless, this is a significant result. It demonstra
that the magnitude of particle-particle interaction forces h
a critical role in determining the stress states achieved in
shear of granular materials. While there is a vast body
literature which deals with the importance of particle sha
size, and size distribution@44–48#, there are very few experi
mental data which specifically examine the relative imp
tance of particle-particle interaction forces. For this reas
numerical simulations of granular flow have required a c
tain amount of guess work in the definition of microscop
interaction properties. In ‘‘rigid particle modeling,’’ which i

FIG. 12. Comparison of peak shear strengths for lubrica
~open diamonds! and unlubricated~solid diamonds! samples at con-
solidation pressures of~a! 62 kPa and~b! 298 kPa.
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based on instantaneous particle collisions, the friction co
ficient is not defined@3#. Rather, energy is dissipated at th
particle-particle level through a coefficient of restitution.
should be noted, however, that this approach is most su
to modeling high-velocity, high-porosity flows. One altern
tive is discrete element analysis, or ‘‘soft particle modeling
@31#, in which realistic interaction laws between the particl
can be incorporated. Simulations of steady shearing us
this technique have shown that the stresses depend stro
on the degree of elasticity and porosity, but less on the
terparticle friction. However, the present work demonstra
that manipulations of a granular material’s particle intera
tion properties do have a significant effect on the bulk sh
properties.

C. Sample response to shear stress removal

When the shear stress is removed, the shear zone
lapses or contracts. The measured contraction is the dro
height of the entire sample due to the removal of the sh
stress. This is eventb* in Fig. 11. Figure 13 compares th
contraction experienced by the lubricated and unlubrica
samples at a range of applied loads.

There is considerable scatter in these results, due ma
to a ripple of62 mm in the linear variable differential trans
ducer ~LVDT ! output, which was used to measure sam
height fluctuations. Despite this, these results suggest tha~a!
the contractions increase with increased applied normal p
sure and~b! decrease with the addition of a lubricant film.

The first of these results is a well-known property
granular materials@44# and will not be discussed furthe
here. The more interesting finding is the second, which in
cates that particle interaction forces also influence the st
ture of the shear zone. If it is assumed that due to the id
tical particle geometry in the two cases the total number
particles involved in the shear process is the same, then
effect of the lubricant must be to decrease the shear z
porosity. This result would occur as a consequence of p
ticles sliding more easily past one another, allowing a m
dense packing structure. The alternative is that fewer p
ticles are required in the shear zone of the lubricated mate
in order to allow shear. That is, the reduced particle inter

d

FIG. 13. Contraction, or the drop in height of the sample due
the removal of the shear stress, versus the normal pressure
lubricated and unlubricated samples.
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tion forces allow the formation of a more efficient shear zo
structure. However, separating these effects is not triv
Further work is required to completely describe the effect
surface lubricant films in granular packing, dilation, a
shear.

D. Sample response to normal stress reduction

When the applied normal load is reduced, the mate
expands. This is eventc in Fig. 11. At the stresses examine
here, the relaxations of the sample as the normal loa
reduced are quite significant. Figure 14 is a plot of the va
tion of the height recovered in the sample against the nor
pressure removed for two sample consolidation pressu
There is little difference between the lubricated and unlub
cated sample relaxations, suggesting the degree of unloa
is primarily a function of the load removed and initial de
sity of the sample, rather than being dependent on the tr
logical properties of the particles.

A simple qualitative comparison with particulate asse
bly elasticity theory can be used to interpret the trends
played in Fig. 14. From Kendall@49#, the elastic modulus o
packings of irregular spheres,Ep , follows the relationship

Ep517.1w4S E2g

D D 1/3

. ~6!

wherew is the packing fraction of the spheres~the volume of
spheres and the volume of the structure!, g is the surface
energy, andD is the sphere diameter. In the systems cons
ered here, the elastic modulus of the particles and their
ameters are fixed. Hence

Dh}
DP

w4g1/3, ~7!

where Dh is the height recovered andDP is the pressure
removed. As the consolidation load is increased, the pac
fraction increases. In Fig. 14, the slope of the response
duces with increasing consolidation, as predicted in Eq.~7!.
However, the sample elasticity is comparatively weakly d

FIG. 14. Height change in the sample versus the normal p
sure removed for two different consolidation stresses: 62 and
kPa. For example, for a consolidation pressure of 150 kPa, rem
ing 80 kPa means the test normal pressure was 70 kPa. From
figure, as this pressure was removed, a typical sample expande
around 16mm. The lines shown are indicative trend lines only.
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pendent on the surface energy. Hence, although the A
experiments found that the addition of the boundary lub
cant resulted in a considerable reduction of the surface
ergy, it had little influence on the elasticity of the granul
material.

V. CONCLUSION

Experiments were conducted to investigate the relati
ship between particle-particle interaction forces and the sh
response of a granular material. A lubricant film of c
valently bound organic molecules was used to modify
particle interaction properties. The AFM colloidal prob
technique was used to measure the normal and lateral in
action forces of lubricated and unlubricated surfaces at p
contact stresses of up to approximately 120 MPa. The f
tional response of the unlubricated surfaces was complic
by the presence of a soft surface gel-like layer. Initially, the
was a linear increase of friction with applied load. Howev
with any subsequent testing over the same wear track,
friction response changed. This behavior is thought to be
to the surface irregularities in the surface gel layer be
smeared out, leaving a wear track which allowed a sin
region of contact between the sphere and flat. It was fo
that the frictional response could then be modeled reason
well using the JKR theory of contact mechanics.

The effect of the lubricant film was to significantly reduc
the magnitude of the adhesion forces. AFM normal for
curves showed almost no attractive force as the surfaces
proached, although on retraction, significant interdigitat
of the films had to be overcome to separate the surfa
However, due to the rapid destruction of the lubricant fi
during friction testing, the lubricating effect of the virgi
surfaces proved difficult to quantify. Once destroyed,
frictional response was similar to that of the gel-coated s
faces described above.

The annular shear cell was used to measure the ma
scopic effect of the boundary lubricant. Three properties
sociated with the shear of the sample were studied: the s
strength, the sample contractions on the removal of sh
stress, and the sample expansions on the removal of no
stress. The lubricant film had no measurable effect on
sample expansions. However, shear strength and dila
were both reduced. Previous studies have shown that t
two properties of granular shear are related. However,
time the two have been linked through variations in the p
ticle tribological properties.

This work highlights the importance~and complexity! of
particle contact history in comparisons of local and glob
granular shear properties. In the AFM experiments, the c
tact point was controlled and the local contact histo
known. Hence the effect of surface films and their progr
sive wear could be mapped. This allowed a number of in
esting effects of particle contact mechanics to be stud
However, in bulk measurements of granular shear, the c
tact interactions are more complex; particle interactions
more random, with ‘‘virgin’’ contacts still appearing to
dominate the shear properties after 3 mm of travel. The re
is that direct, quantitative comparisons between the two
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of results are very difficult. It will only be through the com
bination of experimental studies such as this and comp
simulations, in which investigators are allowed the freed
to ‘‘look inside’’ the granular material, that a complete u
derstanding of local particle tribology in granular shear w
be possible.
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