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ABSTRACT: We present an exploratory study on a suspension
of uniform carbon microspheres as a new class of aqueous-based
lubricants. The surfactant-functionalized carbon microspheres
(~0.1 wt %) employ a rolling mechanism similar to ball bearings
to provide low friction coefficients (# ~ 0.03) and minimize
surface wear in shear experiments between various surfaces, even at
high loads and high contact pressures. The size range, high
monodispersity, and large yield stress of the C,pheres as well as
the minimal environmental impact, are all desirable characteristics

for the use of a Cphere-SDS suspension as an alternative to oil-based lubricants in compatible devices and machinery.
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he history of tribology can be traced back to 1880 BC in

Egypt, where lubricants (water and oil) were used to reduce
friction between the sleigh, which supported a 60-ton statue, and
the boards upon which it slid." Today, lubricants play an integral
role in the operation of several technologies, including internal
combustion engines, vehicles, gear systems, compressors, turbines,
and hydraulics in addition to smaller scale technologies, includ-
ing the lubrication of hard disk drives* and microelectromecha-
nical systems (MEM:s).” The main functions of a lubricant are to
reduce friction and material wear.

Typical boundary lubricants (also referred to as thin film
lubrication) are composed of 93% base oils and 7% additives, and
there are approximately S000—10 000 different lubricant formu-
lations, each for a specific application.4 The additives serve several
purposes including viscosity index improvers (which allow the
lubricant to attain desired viscosities at particular temperatures),
antioxidant agents, anticorrosion agents, wear-protection agents,
acid neutralizers, antimicrobials, and dispersants. The environ-
mental impact, degradation and health hazards of lubricants are
still concerns, which have yet to be fully quantified.”®

Another class of lubricants makes use of ball bearings that
employ a “rolling” mechanism to reduce friction between sliding
surfaces. The concept of using nanometer-sized spherical parti-
cles as nanoball bearings is not novel. Several studies in the
early 1990s”~ " looked into the possibility of using Cgo (or bucky
balls) as additives to oil-based lubricants. C4, molecules have a
diameter of approximately 1 nm and a low volume compressi-
bility (7 x 10~"* cm® dyn '), which made them attractive
candidates. Unfortunately, the system did not exhibit enhanced
lubrication properties. It is now believed that the small size of the
Cgo molecules was actually detrimental to its ability to reduce
friction; instead of rolling over the surface, the Cgo molecules
would get trapped in surface asperities. Other nanometer-sized
particle candidates that have been studied as potential lubricants
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include carbon nanotubes,'* ¢ rod-shaped ZnS,"”"® carbon nano-
pearls," carbon nano-onions** and fullerene-like nanoparticles
including WS, and MoS,. > Recently, Vilt et al.*® demon-
strated the frictional performance of dry silica microspheres and
showed direct evidence of the rolling behavior of spherical par-
ticles when sheared in confinement.

In this communication, we show that an aqueous colloidal
suspension of uniform carbon microspheres (Cmphere),% at concen-
trations as low as 0.1 wt %, stabilized by sodium dodecylsulfate
(SDS) exhibits very promising lubrication properties. The sizes
of the Cygphere particles used in this study (>400 nm) are
sufficiently larger than the roughness of the shearing surfaces
allowing them to easily roll over surface defects. Also, similar
Clsphere particles have been shown to have a low degree of
graphitization,””® suggesting the presence of amorphous carbon
(determined from X-ray diffraction), and therefore do not expose
sharp surface facets (like crystals), which could potentially damage
the shearing surfaces and impede efficient rolling. In addition,
Clsphere particles have been demonstrated to withstand high
pressures, on the order of 8 GPa,”® before fracture. The size range,
ease of synthesis, high monodispersity, and large yield stress of
the Cpheres as well as the minimal environmental impact and
low-cost of an aqueous-based formulation, are all desirable char-
acteristics for the use of a Cyphere-SDS suspension as an
alternative lubricant to oil-based lubricants in compatible devices
and machinery.

Uniform 450 =+ 20 nm carbon microspheres (Figure 1a) were
synthesized as described in the Experimental Section, following a
protocol developed by Wang et al.>° SDS was used to disperse
the particles in water, as the final pyrolysis step in the synthesis
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Figure 1. (a) SEM image of uniform 450 & 20 nm carbon microspheres.
The scale bar is 2 um. (b) Schematic illustration of the (i) universal materials
tester used to measure the friction force between two shearing surfaces and
(ii) magnified view within the contact region.

renders the particles hydrophobic. Typical concentrations of the
carbon particles used were approximately 1 mg mL ™" (0.1 wt %
or 1 x 10" particles mL ") while the SDS concentration was
varied from the millimolar to molar range. A commercial universal
materials tester (UMT) was used to measure the friction force
and lubrication properties of the aqueous C,sphere-SDS suspen-
sion between different flat surfaces and either a spherical silica or
steel probe. A schematic of the instrument is shown in Figure 1b.
The probe is attached to a sensor through a cantilever, and move-
ment in the x and z direction is controlled by a motion actuator.
A typical measurement consisted of applying an initial preload,
shearing the surfaces at a fixed velocity v, and distance, increasing
the normal load, and repeating the shear cycle. The data was
collected and analyzed digitally. A magnified view of the confined
region in Figure 1b illustrates the lubrication mechanism of the
Clsphere- The motion of the top surface causes the particles in the
contact region to roll, while the confined region is continuously
replenished with Chere from the surrounding medium.
Figure 2 shows a plot of the friction force F, between two
shearing silica surfaces as a function of the normal load L. As a
control, two silica surfaces were first sheared in the absence of any
lubricant, resulting in a friction coefficient u = 0.57. A second
control experiment consisting of the same surfaces, with the addi-
tion of an aqueous SDS solution was performed to determine the
lubricating contribution of the surfactant itself. In the presence of
the aqueous SDS solution (0.36 M), the friction coefficient between
two silica surfaces drops to 0.15 at high loads (F, > 100 mN).
Atlow loads, the friction force is similar to that obtained for shearing
two glass surfaces without any lubricant. We attribute the lower
friction coeflicient with aqueous SDS as being due to the bound-
ary lubrication provided by the SDS molecules preventing the
silica surfaces from achieving true contact and being continu-
ously replaced in the contact region. An aqueous C,phere-SDS
suspension (0.36 M SDS, 1 mg mL ™! Cﬂsphere) provides the best
lubrication with a friction coefficient ¢ = 0.03. The system fully
follows Amontons’ law, for load-controlled friction:*>"** F, = uL.
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Figure 2. (a) Plot of friction force F, versus applied load L while
shearing a spherical silica probe versus a flat silica surface using (i) no
lubricant (circle data point), (ii) an aqueous 0.36 M SDS solution as a
lubricant (square data points), and (iii) an aqueous 1 mg mL ™! Clsphere-
SDS suspension as a lubricant (triangle data points). (b) Plot of a typical
friction force F, and applied load L trace versus time while shearing a flat
silica probe versus a silicon surface in the presence of an aqueous 1
mg mL™" Clisphere-SDS suspension as a lubricant. The highlighted
region corresponds to one shear cycle which starts with an increase in
the load, followed by shearing in the +x direction and ends with a shear
in the —x direction.

Similar g values (0.03—0.04) are obtained with lower SDS
concentrations, as low as 18 mM. Friction experiments were
also performed with unmodified dry 800 nm C,phere particles
(without an aqueous medium). The latter also offer a low friction
coefficient (1 = 0.06, see the Supporting Information Figure S1)
when confined between two flat surfaces, but in the absence of
SDS to stabilize the dispersion (see the Supporting Information
for dispersion stability, Figure S2), lack the ability to migrate into
and replenish the confined region in the event that the two
shearing surfaces come into direct contact (e.g., when one of the
shearing surfaces has a small radius of curvature). A segment of a
typical friction and load trace between two silica surfaces, in the
presence of the aqueous C,sphere-SDS suspension, is shown in
Figure 2b. The highlighted region corresponds to one shear cycle
which includes an increase in the applied load L, followed by
shearing in the +x direction and ending with shearing in the —x
direction. After the load is increased, it remains virtually constant
with a slight drift due to minor misalignments or a tilt in the
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Figure 3. Plot of the coefficient of friction # versus shear cycle for an
extended run at a fixed load of 2.94 N using a spherical silica probe
sheared against a silicon surface, with an aqueous 6.67 mg mL ™"
Clsphere-SDS suspension as the lubricant.

bottom silicon surface, which is experimentally unavoidable.
Stiction spikes (or a single stick—slip event) in the force trace
are prevalent at the beginning of the shear in the +x direction
followed by a smooth sliding motion. The spikes occur less
frequently (either entirely absent or of smaller magnitude) at
the beginning of the shear in the —x direction, and are absent in
experiments in which the load is kept constant between shear
cycles, suggesting that the incremental load steps are responsible
for the stiction spikes. The incremental load step can potentially
squeeze out the particles from the confined region, thereby initially
generating a high friction. The friction decreases to the point of
smooth sliding only as the surface moves and the confined region
is replenished with C,phere particles.

The coefficient of friction between a silica bead and a silicon
surface lubricated by a Csphere-SDS suspension was monitored
for along run of 200 shear cycles (total shear distance = 0.8 m) at
a relative high constant normal load L = 2.94 N (Figure 3). The
coefficient of friction is initially low but rapidly rises (within ~10
shear cycles) to a maximum. The latter is presumably caused by
the jamming33”34 of Cpsphere particles in the confined region as a
result of applying an initial high load, thus preventing efficient
rolling. The coefficient of friction then gradually decreases over
the duration of the experiment as layers of particles are squeezed
out (or plowed away). Eventually a single layer of particles is
expected to provide the lubrication. The experiment was terminated
after 200 cycles because of the evaporation of the Cysphere-SDS
suspension, but future studies will include longer runs to deter-
mine at what point the coefficient of friction will finally level off.
The pressure within the confined region is estimated to be between
100 and 400 MPa, based on the area of the contact region
between the spherical probe and flat silicon wafer. Optical and
SEM images of the sheared region, after the experiments were
completed, show that the C, s here particles remain intact, consistent
with the fact that the pressures applied in these experiments were
1 order of magnitude below the yield stress of the C,sphere particles.
Additional high-resolution characterization would be required to
detect potential physical and chemical changes.

The effectiveness of a lubricant is not only measured by its
ability to provide a low coeflicient of friction but also by its ability

Figure 4. Optical image of the wear pattern formed after shearing a steel
probe against a silicon surface at 441 mN (45 g) load for 10 cycles in the
presence of (a) an aqueous 36.7 mM SDS solution as the lubricant, (b)
an aqueous 6.67 mg mL ! Clisphere-SDS suspension as the lubricant. The
scale bar is 50 #m. The insets are AFM images (30 #4m x 30 um) of the
silicon surface within the wear pattern.

to reduce surface wear. Optical images of the wear pattern were
captured after shearing a steel probe against a silicon surface, in
the presence of an aqueous 36.7 mM SDS solution (Figure 4a),
and an aqueous 6.67 mg/mL C,gphere-SDS suspension (Figure 4b),
as the lubricant for 10 shearing cycles at a constant load of 441 mN.
In the absence of the Cyhere particles, surface damage occurs
throughout the contact region and over the shear distance. The
friction trace also shows stick—slip behavior with a relatively high
friction coeflicient ¢ = 0.3. In the presence of the Cphere
particles, surface wear is absent, as inferred from the optical
image of the contact region. To further quantify the surface wear,
AFM images were obtained within the wear patterns (insets of
Figure 4). As expected, the surface damage is extensive (rms
roughness = 7.2 nm) in the case in which only an aqueous SDS
solution is used as a lubricant. Interestingly, no detectable surface
wear was found when an aqueous C,phere-SDS suspension was
used as a lubricant except for very sparse debris.

These results show that an aqueous Cygphere-SDS (~0.1 wt %)
suspension is an effective lubricant providing low friction coeffi-
cients on the order of 0.03, minimizing surface wear and avoiding
degradation even at relatively high loads and prolonged durations.
We propose that the lubricating properties of the C,qphere particles
are aresult of an efficient rolling mechanism and that these materials
are of an appropriate size range to overcome getting trapped into
surface asperities, and still be considered nano and microscale
bearings. Continuing studies that seek to optimize the lubrication
properties of these materials with biocompatible coatings could
yield a new class of aqueous-based lubricants with potential
applications to biolubrication.
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B EXPERIMENTAL SECTION

Friction Measurement. The experiments were performed with
either smooth silica (rms = 1.72 nm, Anchor Optics, Barrington, NJ) or
silicon surfaces (rms = 0.54 nm, test grade, University Wafer, Boston,
MA) as the bottom shearing surfaces and either a curved silica surface
(radius of curvature = 3 cm, Anchor Optics, Barrington, NJ) or a steel
bead (@ = 3.2 mm) as the probe (top surface). All surfaces were cleaned
by sonication in ethanol for S min, followed by rinsing with water and a
subsequent plasma-cleaning step (Harrick Plasma, Ithaca, NY). In a typical
experiment, a drop (~S50 uL) of the aqueous Clsphere-SDS suspension
(~1—10 mg mL ™" Cuuspheres 1 mM to 0.5 M SDS in water) was placed
between the bottom surface and the probe, wetting both surfaces. Surface
tension forces ensured that the aqueous suspension remained in the contact
region. The probe, attached to a force sensor (FL, or DFM-0.5, CETR,
Campbell, CA) with a cantilever (spring constant kg;, = 520 N/m,
kpem = 4113 N/m), was then brought into contact with the bottom
surface at a predetermined preload. A universal materials tester (CETR,
Campbell, CA) was used to measure the friction force between the shearing
surfaces as the load was either held constant or increased stepwise with
each shear cycle. The coefficient of friction was determined by taking the
slope of the average friction force versus the average load for each shear
cycle. Longer runs, in which the evaporation of the aqueous-based lubri-
cant was significant, were performed in a home-built enclosure with excess
water in the surroundings to maintain high humidity.
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