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ABSTRACT: Ultrasmooth submicrometer carbon spheres are demonstrated as an
efficient additive for improving the tribological performance of lubricating oils.
Carbon spheres with ultrasmooth surfaces are fabricated by ultrasound assisted
polymerization of resorcinol and formaldehyde followed by controlled heat
treatment. The tribological behavior of the new lubricant mixture is investigated in
the boundary and mixed lubrication regimes using a pin-on-disk apparatus and
cylinder-on-disk tribometer, respectively. The new lubricant composition
containing 3 wt % carbon spheres suspended in a reference SAE SW30 engine
oil exhibited a substantial reduction in friction and wear (10—25%) compared to
the neat oil, without change in the viscosity. Microscopic and spectroscopic
investigation of the carbon spheres after the tribological experiments illustrated
their excellent mechanical and chemical stability. The significantly better
tribological performance of the hybrid lubricant is attributed to the perfectly
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spherical shape and ultrasmooth surface of carbon sphere additive filling the gap between surfaces and acting as a nanoscale ball

bearing.
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1. INTRODUCTION

Friction and wear are primary factors in energy loss and failure
in all types of mechanical systems such as engines. The majority
of friction and wear losses occur in the boundary and mixed
lubrication regimes during engine startup/shutdown and low
speed operation. In the boundary lubrication regime,
lubricating surfaces generally are in contact with each other
despite the fact that a fluid is present. While in the mixed
lubrication regime, a thin lubricant film with an average
thickness between 0.01 and 1 pm separates the lubricating
surfaces. The tribological performances of traditional fluid
lubricants do not meet the demands of new generation
mechanical devices. As a result, there is continuous research for
improving the tribological performance of lubricants.

Previous reports suggested that performance of oil lubricants
can be improved by adding solid particles.”'® These additives
are beneficial in the boundary lubrication regime, where surface
contact occurs even in the presence of fluid lubricant.
Consequently, many high-performance lubricating oils contain
solid additives in sizes ranging from 1 to 50 000 nm. Several
types of carbonaceous nanoparticles including fullerene,"""*
carbon nanotubes,">™'* and carbon nano-onions'®™'® with
particle sizes range from 1 to 30 nm have been tested as solid
lubricant or additives. Furthermore, inorganic materials such as
MoSZ,lg_21 WSZ,ZZ_24 Cu, Ay, and Ag2 =27 with particle sizes
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ranging from S nm to 1 pm are widely used as oil additives or
solid lubricants to improve tribological properties.

In spite of the good tribological behavior of current solid oil
additives, there are several concerns about the complex
synthetic methods used to create them and their toxicity and
high cost.”® ' Another serious issue is performance degrada-
tion on prolonged use due to the poor mechanical and chemical
stability of the solid additives. For instance, inorganic fullerene
nanoparticle additives were flattened or broken into individual
sheets after tribometer tests under boundary lubrication and
ultrahigh-vacuum conditions.”"** In order to mitigate these
drawbacks, we have developed an ultrasonic assisted method
for the rapid synthesis of ultrasmooth carbon submicrosphere
oil additives possessing excellent mechanical and chemical
stability. In this method, perfectly spherical carbon with
ultrasmooth surfaces and diameters ranging from 100 to 500
nm are fabricated by ultrasound assisted polymerization of
resorcinol and formaldehyde followed by controlled heat
treatment. The tribological measurements proved a significant
reduction in friction and wear (10—25%) in the boundary and
mixed lubrication regimes by using a 3 wt % carbon sphere
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Figure 1. (a) X-ray diffraction pattern and (b) Raman spectrum of ultrasmooth carbon submicrometer spheres.

additive. Unlike conventional nanoparticle additives, the
morphology and chemical composition of the carbon spheres
were preserved during the tribological test conditions,
suggesting rolling motion of carbon spheres as the lubricating
mechanisms.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. Ultrasmooth submicrometer carbon
spheres were synthesized by using our previously reported
procedure.*® Briefly, colloidal spherical polymer resins were synthe-
sized in a short time via enhanced copolymerization of resorcinol with
formaldehyde solution under ultrasonic irradiation. Submicrometer
carbon spheres are then obtained from these polymer particles after a
controlled heat treatment to a temperature of 900 °C for 4 h in an Ar
atmosphere; heating and cooling rates were 1 °C/min.

2.2. Characterization Techniques. X-ray diffraction (XRD)
patterns of carbon spheres (20 = 15—80°) were recorded by Rigaku
Smartlab X-ray diffractometer, operated at 40 kV and 40 mA using
Cu—Ka radiation (4 = 0.154184 nm) at 25 °C with a 20 step size of
0.02 and a scanning speed of 2°/min. Thermo scientific DXR Raman
spectrometer equipped with a 532 nm laser was used for recording the
Raman spectra of carbon sphere samples. Laser power was limited to 8
mW to avoid sample burning. Scanning electron microscopy (SEM)
images were recorded using Hitachi S-4800 microscope operating at
an acceleration voltage of 25 kV. Transmission electron microscopy
(TEM) measurements were carried out using an FEI-TITAN
microscope operating at an accelerating voltage of 300 kV.

2.3. Tribological Study. Since the majority of friction and wear
losses occur in the boundary and mixed lubrication regimes during
engine transient operation, SAE SW30 engine oil (Valvoline, USA)
was used as a reference oil lubricant in the tribological investigation.
The kinematic viscosity of the neat oil is 63 mm?/s at 40 °C and 11
mm?/s at 100 °C. Its density is 861 kg/m3 at 15 °C. Ultrasmooth
submicrometer carbon spheres (CS) were ultrasonically dispersed
(10—20's.) with a sonochemical tip irradiation under 20% power in the
reference lubricant at different 0.5, 1, 3, and 5 wt % concentrations
(identified as 0.5 CS-Oil, 1.0 CS-Oil, 3.0 CS-Oil, and 5.0 CS-Oil,
respectively). The ultrasound mediated technique allows the carbon
spheres to be suspended in the oil for a long period of time (2—3
weeks) without using any surfactant. Viscosity measurements of the
neat oil and oils with 0.5—5 wt % carbon sphere were conducted using
a tuning fork-type vibrating viscometer with accuracy of +1% of the
measured quantity. Each sample was heated above 75 °C, and the
viscosity was measured as it cooled to ambient temperature. Tribology
experiments were conducted at room temperature using three different
test systems: (1) a pin-on-disk apparatus, which operates at high
contact pressure and low rotational speed to investigate the tribology
performance in the boundary lubrication regime; (2) a cylinder-on-
disk tribometer that operates at low contact pressure and high
rotational speed to examine the lubrication performance in the mixed
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lubrication regime; and (3) a glass disk test rig to observe the lubricant
flow, friction force, and fluid film thickness during sliding motion. The
arithmetic average (Ra) surface roughness of the specimens was
measured using an optical surface profilometer. Friction and wear
studies using the pin-on-disk apparatus were performed under the
rotational motion of the disk with a stationary pin. A 12.7 mm
diameter stainless steel ball with Ra surface roughness of 15 nm is used
as the stationary pin specimen while TiCN coated steel disk with Ra
surface roughness of 32 nm is rotating with a speed controlled by a
DC servo motor. In the cylinder-on-disk tribometer (Bruker UMT-2),
friction tests were conducted under the rotational motion of the disk
with a stationary cylinder. The Ra surface roughness was 110 nm for
the cylinder and 20 nm for the disk. A 10 mm diameter steel cylinder
with 12.7 mm length and a 70 mm diameter stainless steel disk were
used in the cylinder-on-disk tribometer. In the glass disk test rig, a
stationary stainless steel specimen in contact with a rotating glass disk.
The glass disk was driven by an AC motor while an infrared
tachometer was used to measure the rotational speed of the glass disk.
The Ra surface roughness was 120 nm for the stainless steel specimen.
Additional experimental details are provided in the Supporting
Information. Tribology experiments were repeated at least three
times, and the measured friction and wear values were within a 5%
error limit.

3. RESULTS AND DISCUSSION

3.1. Formation of Ultrasmooth Submicrometer Car-
bon Spheres. The XRD pattern of submicrometer carbon
spheres heat treated at 900 °C exhibited broad peaks centered
at 21 and 43.8° 20 (Figure la), which are characteristic of
(002) and (100) graphitic planes of carbon.** Raman spectra of
the carbon sphere sample is presented in Figure 1b, which
displayed distinct D and G peaks at 1335 and 1582 cm™,
respectively.*>*® These bands correspond to the disordered
carbon/structural defects and graphitic layers (sg2 bonded
carbon atoms) of the carbon spheres, respectively.’” Increased
D-band intensity compared to G-band (Ip/Ig = 1.07)
confirmed the disordered nature of submicrometer carbon
spheres (Figure 1b). This implied the fact that 900 °C is not
high enough to convert the resorcinol formaldehyde (RF)
based resins to graphitic carbon in the absence of a transition
metal catalyst. Area under the D and G peaks confirmed around
60% (sp*) and around 40% (sp®) type carbons present in these
spheres.

Scanning electron microscopy (SEM) images of the carbon
spheres at various magnifications are presented in Figure 2. It is
clear that the carbon spheres possess an average diameter of
100—500 nm, and individual spheres are well separated from
each other without any agglomeration. Moreover, high-
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Figure 2. (a—d) SEM images of ultrasmooth carbon submicrometer
spheres at various magnifications.

resolution images proved the perfectly spherical morphology
and a high-degree of surface smoothness, which are highly
beneficial for the tribological performance of lubricants.
Morphology and microstructure of the carbon spheres were
further investigated using high-resolution transmission electron
microscopy (HR-TEM). Figure 3 clearly explained the perfectly

Figure 3. (a—d) TEM images of ultrasmooth carbon submicrometer
spheres at various magnifications. (inset) Diffraction pattern.

spherical shape, and nanometer level surface smoothness of the
100—500 nm sized carbon spheres. Disordered graphitic planes
and diffused selected area electron diffraction (SAED) patterns
(Figure 3d inset) are in good agreement with the XRD and
Raman results, confirming the disordered microstructure of
carbon spheres. Figure 3d also demonstrated the nanometer
scale (~3 nm) surface irregularities that confirmed the
ultrasmoothness of carbon spheres.

Formation of ultrasmooth submicrometer carbon spheres
can be explained by the ultrasound induced polymerization of
resorcinol and formaldehyde.*® Sonochemical synthesis cause
the continuous generation and collapse of bubbles, that can
excite water molecules and dissociate into He and OHe
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radicals.*® These radicals are known for accelerating reaction
rates, initiation of polymerization reactions, and shortening of
gelation time.** Though RF resins have been previously
synthesized (24 h reaction under similar experimental
conditions) without ultrasonic irradiation, high degree of
agglomeration and loss of spherical morphology was
observed.>® Therefore, we attributed the rapid polymerization
and perfectly spherical morphology to the sonochemical effects.
This method of ultrasmooth submicrometer carbon sphere
synthesis is inexpensive and simple and can be easily scaled up
for commercial applications.

3.2. Tribological Performance of Ultrasmooth Sub-
micrometer Carbon Spheres. Viscosity measurements of the
neat oil and oils with 0.5 to 5 wt % carbon sphere show that the
change in the neat oil viscosity was less than 5% compared to
the oil with carbon sphere additive. Figure 4 depicts viscosity as
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Figure 4. Viscosity/temperature relationship of the neat oil and oils
with 0.5—5 wt % carbon sphere (error +2%).

a function of temperature for the neat oil and oils with different
carbon sphere concentration. Tribological performance of
carbon spheres as oil additives in the boundary lubrication
regime was investigated using pin-on-disk (POD) apparatus.
The effect of carbon sphere concentrations in oil ranging from
0.5 to 5 wt % on the tribological performance was studied
under 22.2 N of applied normal load (correspond to 1 GPa
maximum Hertzian pressure) and variable sliding speed. The
sliding speed was increased every 20 min by 0.1 m/s step from
0.1 to 0.3 m/s. On the basis of POD test conditions, material
parameters, and surface roughness measurements, the lambda
ratio (1) was equal to 0.2, which confirm that the contact
conditions were within the boundary lubrication regime.

As shown in Figure S, carbon sphere additives reduced the
coefficient of friction compared to the neat oil for all carbon
sphere loading and sliding speeds. It can be seen that the oil
containing 3 wt % carbon spheres (3.0 CS-Oil) exhibited the
lowest coefficient of friction in contrast to the lower and higher
carbon sphere concentrations and the pure reference oil. This
can be explained by the fact that when two surfaces come into
contact by an applied force, the real contact area is significantly
less than the apparent area of contact because of surface
roughness. The gap between surfaces in contact can be filled
with carbon spheres. But after a certain point the contact area is
saturated with carbon spheres and any more carbon spheres will
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Figure S. Coeflicient of friction for different weight percent
concentrations of carbon spheres in oil under 22.2 N normal load
(1.0 GPa maximum Hertzian pressure) using POD apparatus versus
(a) time and (b) disk speed (error +5%).

not be beneficial. The optimum sample 3.0 CS-Oil represents
the point where the oil is saturated with carbon spheres and the
surface contact areas cannot contain more solid additives. The
coefficient of friction (COF) was found to be 0.103 and 0.087
for the neat oil and 3.0 CS-Oil respectively at a sliding speed of
0.3 m/s. Figure 5b shows a decrease of the coefficient of friction
with an increase of disk rotating speed. Furthermore, the
friction reduction percentage increased with disk rotating
speed. At sliding speeds of 0.045 and 0.3 m/s, the optimum
composition 3.0 CS-Oil demonstrated a friction reduction of
7% and 16%, respectively compared to the pure reference oil.

The tribological behavior of the optimum lubricant
composition 3.0 CS-Oil was further investigated at two
different applied normal forces of 22.2 and 93.7 N (correspond
to a maximum Hertzian contact pressures of 1.0 and 1.7 GPa
respectively) as shown in Figure 6. The sliding speed varied
from 0.045 to 0.290 m/s in a 1 h performance test of 3.0 CS-
Oil. With an increase in sliding speed, lowering of COF was
identified for both the pure reference oil and the 3.0 CS-Oil
under two different Hertzian pressures. In the case of 1.0 GPa
Hertzian pressure, an average friction reduction of 18% was
obtained at various sliding speeds by adding 3 wt % of carbon
spheres to the neat oil. On the other hand, 3.0 CS-Oil
experienced a lower friction reduction of 10% at different
sliding speed under a higher Hertzian pressure of 1.7 GPa. This
reduced lubrication performance under high contact pressure
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Figure 6. Coeflicient of friction and sliding speed versus time for neat
oil and 3.0 CS-Oil using POD apparatus under (a) 22.2 and (b) 93.7
N applied normal load (error +£5%).

can be explained by the gap diminution due to surface
deformation in the area of contact that impede carbon sphere
flow between contact surfaces. Table 1 summarizes the wear

Table 1. Wear Scar Diameter and Wear Volume Loss
Measurements for the Neat Qil and 3.0 CS-Qil under 1.0
and 1.7 GPa Maximum Hertzian Pressure on the Pin-on-
Disk Apparatus (Error +5%)

maximum Hertzian lubricant wear scar wear volume
pressure, P (GPa) type diameter (um) loss (mm?)
1.0 neat oil 490 0.45 x 107
1.7 neat oil 610 1.07 X 107
1.0 3.0 CS- 370 0.15 x 1073
Oil
1.7 3.0 CS- 545 0.68 x 107
Oil

scar diameter and wear volume of the test specimen measured
using an optical surface profilometer (using ASTM standards)
after each test. It is clear that addition of 3 wt % carbon spheres
reduced the wear scar diameter by 25% and wear volume loss
by 66% under 1.0 GPa Hertzian contact pressure. Under high
contact pressure of 1.7 GPa, 3.0 CS-Oil showed 10% wear scar
diameter and 36% wear volume loss reduction. Optical
micrographs of the tested ball specimen under 1.7 GPa
Hertzian pressure with the neat oil and 3.0 CS-Oil are
presented in Figure 7. Unlike the pure reference lubricant, the
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Figure 7. Wear scar optical micrographs on ball specimen under 93.7
N applied normal load using POD apparatus for (a) neat oil and (b)
3.0 CS-Oil lubrication.

hybrid composition 3.0 CS-Oil was able to react with the
contact area on the ball to form a protective dark film that led
to friction and wear reduction.

In order to further investigate the lubrication mechanism of
the hybrid lubricant, glass disk test rig (GDTR) was used to
visualize the lubricant flow, measure friction force, and fluid film
thickness during sliding motion (Figure S1). Figure 8 depicts
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Figure 8. Friction force versus glass disk rotational speed under 1.5 N

applied load in GDTR for a contact lubricated by the neat oil and 3.0
CS-0il.

the results obtained under 1.5 N applied load and disk
rotational speeds of 6 to 40 rpm. The shaded area represents
the standard deviation (o) of the experimental data while the
solid line represents the average friction force. The hybrid
lubricant composition 3.0 CS-Oil exhibited a friction reduction
of 5—30% relative to the pure reference oil. This observation
supported the results obtained from pin on disk apparatus.
GDTR further confirmed the homogeneity of the lubricant
mixture (3.0 CS-Oil) during surfaces sliding 1.5 N applied load
(Figure 9). The vertical black line and the dark area to the left
of the line represents the lubricant mixture as it flows on the
specimen at three different stages as presented in Figure 9a—c.
The film thickness measurements did not show any difference
between the neat oil and the 3.0 CS-Oil during surfaces sliding.
Since the specimen has a 120 nm Ra surface roughness, carbon
spheres with diameter of 100 to 500 nm can act as third body
particles filling the gap between surface asperities without
significantly changing the lubricant film thickness. In addition,
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Figure 9. (a—c) Optical micrograph of the 3.0 CS-Oil flow in GDTR
under 1.5 N applied load.

presence of carbon spheres between contacting surfaces in the
boundary and mixed lubrication regimes can possibly result in
rolling motion where the system may act as nanoscale ball
bearing.

Tribological performance of the carbon sphere oil mixture in
the mixed lubrication regime where lubricating surfaces are
separated by a thin lubricant film (less than 1 ym and greater
than 0.01 um) was investigated using a cylinder-on-disk
tribometer. Results obtained under 50 N normal load and
various rotational speeds (15 to 400 rpm) is presented in
Figure 10. The shaded area represents the standard deviation
(o) of the experimental data while the solid line represents the
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Figure 10. Coeflicient of friction versus disk rotational speed under S0
N applied load in cylinder-on-disk tribometer for a contact lubricated
by the neat oil and 3.0 CS-Oil.
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average coeflicient of friction. A noticeable and rapid decrease
in coeflicient of friction values is observed with increasing disk
rotational speed for both neat and hybrid lubricant. This rapid
decrease with an increase in disk rotational speed confirms that
the system is working in the mixed lubrication regime until the
coefficient of friction reaches a lower plateau corresponding to
the beginning of hydrodynamic lubrication." For the cylinder-
on-disk tribometer test conditions, material parameters, and
surface roughness measurements, the lambda ratio (1) was
equal to 0.2 at disk rotational speed of 15 rpm while A was
equal to 2.1 at disk rotational speed of 400 rpm. Which confirm
that the contact conditions started within the boundary
lubrication regime and then reached the mixed lubrication
regime. The lubricant mixture of 3.0 CS-Oil displayed a friction
reduction of 5—23% compared to the pure reference oil. A
maximum friction reduction of 23% was achieved at disk speed
of 200 rpm, which is about the middle of the mixed lubrication
regime. The lubricant film thickness increased from 0.01—1 ym
in the mixed lubrication regime with an increase of rotational
speed of the disk. This clearly explained the superior friction
reduction at increased disk speed for the hybrid lubricant
compared to the neat oil. As the lubricant film thickness
increases more carbon spheres are allowed to flow between the
contacting surfaces. Once the film thickness reach greater than
the carbon spheres diameter (~300 nm), then the role of
carbon spheres diminishes and the lubricant mixture performs
the same as the pure reference oil as seen at higher speeds
(Figure 10).

In order to understand the mechanical and chemical stability
of submicrometer carbon spheres, scanning electron micros-
copy and Raman spectroscopy analysis were performed for
carbon spheres collected after 1 h test under 22.2 N applied
load on the pin-on-disk apparatus. Interestingly, carbon spheres
maintained their perfect spherical morphology (Figure 11a and
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Figure 11. (a, b) SEM images of carbon spheres after 1 h tribometer
test on the pin-on-disk apparatus. Raman spectra of carbon spheres (c)
before and (d) after tribological measurements.

b), the only difference being the appearance of a thin layer of
oil on their surface. It is remarkable that carbon spheres
maintain their spherical shape even after going under the
extreme boundary lubrication conditions on the pin-on-disk
(POD) apparatus. Isoenergetic D and G bands (at 1335 and
1582 cm ™, respectively) of the carbon spheres before and after
the POD test (Figure 1lc and d) clearly explained their
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chemical stability. Morphology preservation of the carbon
spheres under extreme boundary lubrication conditions also
supports their rolling motion during tribological measurements.
As mentioned earlier mechanical and chemical stability are very
crucial for the lubricant additives. It is indeed the superior
mechanical and chemical stability of ultrasmooth submicrom-
eter carbon spheres make them an excellent lubricant additive.
The significantly improved tribological performance of
ultrasmooth submicrometer carbon sphere-oil hybrid lubricant
can be explained by the fact that the carbon spheres act as a
third body material filling the gap between surfaces asperities,
increasing real contact area and reducing contact pressure.‘w’41
In addition, the existence of carbon spheres between contact
surfaces during boundary and mixed lubrication regimes may
possibly result in rolling motion where the system act as ball
bearing on the nanometer scale.*” The ability of carbon spheres
to maintain their spherical morphology even after going under
extreme boundary lubrication conditions supports their rolling
motion as the lubricating mechanism. Further mechanical and
thermal properties investigation of these carbon spheres
additives are in progress. This comprehensive study illustrated
the potential of ultrasmooth carbon spheres to improve the
tribological performance of current generation oil lubricants.

4. CONCLUSIONS

Ultrasmooth submicrometer carbon spheres are illustrated as
effective additives in lubricating oils. An ultrasound assisted
method was used for the rapid synthesis of these perfectly
spherical and ultrasmooth carbon spheres with a diameter
ranging from 100 to 500 nm. Tribological tests demonstrated a
significant reduction in friction and wear (10—25%) by adding
3 wt % of carbon spheres to a reference oil. Friction reduction
was dependent on the sliding speed and applied load, and
maximum reduction was achieved at the highest sliding speed
in the boundary lubrication regime. Excellent mechanical and
chemical stability of the carbon spheres were evidenced by their
microscopic and spectroscopic investigation before and after
the tribological experiments. The notably improved tribological
performance of the carbon sphere-oil hybrid lubricant was
explained by the perfectly spherical shape and ultrasmooth
nature of the carbon spheres. While operating in the boundary
and mixed lubrication regimes, ultrasmooth carbon spheres can
possibly cause rolling motion where the system may act as ball
bearing on the nanometer scale. This investigation proved that
carbon spheres have potential to improve the tribological
performance of current generation oil lubricants.
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