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The frictional behaviors of fullerenes C60 and C70 were studied because they were
speculated to be solid lubricants. For the sublimated pure C60 films on Si(001), a high
friction coefficient (0.55–0.8) was observed under different loads and pin materials. F
the C70 film, the friction coefficient showed a pin dependence, which changed from 0.
with an Al2O3 pin to about 0.9 with a 440 stainless steel pin. The relatively high frictio
coefficients of C60 and C70 films were due to the tendency of the C60 and C70 particles
to clump and compress into high shear strength layers rather than due to the impurit
in the fullerenes. The benzene-solvated C60 ? 4C6H6 and C70 ? xC6H6 showed a lowered
friction coefficient (0.25 for C60 ? 4C6H6 and 0.3 for C70 ? xC6H6), which might result
from the lowered shear strength of the hcp structure of C60 ? 4C6H6 and C70 ? xC6H6

molecular crystals in which the benzene molecules were intercalated.
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I. INTRODUCTION

Since soccer-like fullerene C60 was discovered, its
halogenated derivatives like C60F60 were speculated to be
lubricants.1 Later it was realized that unlike Teflon thes
fluorinated species were chemically unstable. Therefo
they failed to be lubricants.2 For C60 pristine, its lubricat-
ing properties were anticipated because of its spher
shape, strong intramolecular and weak intermolecu
bonding, and high chemical stability. It was expect
to act as tiny ball bearings.3,4 Pristine C60 solid is a
molecular crystal which is of well-known face-centere
cubic (fcc) structure at room temperature.5 It can readily
sublimate at temperatures about 450±C in a vacuum,
and dissolves in a wide range of nonpolar solvents su
as benzene and hexane, which allows C60 molecules to
easily attach to the surface of a substrate in the fo
of films. So far, the tribological properties of C60 were
studied only by a few laboratories whose results show
some contradictions. Blau and Haberlin3 reported a high
friction coefficient (,0.6) of C60 powder with 90%
purity (10% C70) on aluminum. Bhattacharyaet al.6

obtained similar results for sublimed pure C60 film on
Si3N4 substrate. In contrast, Bhushanet al.4,7 found a
low friction coefficient (,0.12) of sublimed C60 film on
Si. They also observed an increased friction coefficie
of C60 film as the amount of C70 and impurities in the
film increased. We noticed that in their experiments, t
measurement conditions including pin materials, loa
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and sliding speed were not the same, which mig
influence their results. In addition, in Blau and Haberlin
work,3 the coating of C60 particles on aluminum through
evaporation of a drop of C60-toluene solution showed a
low friction coefficient characteristic of the substrate
which was explained to be due to the discontinuo
deposition of microcrystals on the aluminum. To ou
knowledge, the evaporation of C60 solution results in
solvated C60 microcrystals which consist of C60 and
solvent molecules. The solvated C60 microcrystals have
structures different from that of pristine C60 crystal.8–11

Therefore, the solvated C60 crystals may show different
frictional behaviors which are worthwhile to be explore
further. For spheroidal fullerene C70, it shows similar
chemical and physical properties to those of C60, and
therefore it should pay the same role as C60 in lubricant
application. However, at present no work regardin
its tribological properties was done. In this paper, w
discuss two areas of interest. First, we studied t
frictional behavior of C60 and C70 films on Si(001)
with different film thickness, pins, and loads. Secon
we studied the frictional properties of benzene-solvat
C60 and C70 microparticles on Si(001) and 304 stainles
steel (304SS) disks under different loads and line
speeds with a pin-on-disk configuration in ambient a
atmosphere at room temperature.

II. EXPERIMENTAL

Fullerenes C60 (purity . 99.9%) and C70 (purity
. 98%) powders for film preparation were from th
Department of Chemistry of Peking University. The
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purity was examined by mass spectroscopy. The C60

and C70 thin films were grown by sublimating the pure
C60 and C70 powders onto the (001) faced Si substra
in a vacuum of 1025 Torr at about 400–600±C. A
pretreatment of powders in such a vacuum at abo
350 ±C for 40 min was carried out in order to drive
off residual solvent left over from the purification
process. The typical sublimating rate was 4 nmymin, i.e.,
about 5 molecular layersymin. The initial temperature
of Si(001) substrate was kept at 300 K so that C60 and
C70 can easily stick. After sublimating C60 and C70 for
5 min, the substrate temperature was raised to 400
until the sublimation was done. The source-to-substr
distance was 2.5 cm. Two C60 films with thicknesses
1.2 (film A) and 3mm (film B) and a C70 film of
0.7 mm thick were prepared for tribological study

The 99.9% pure C60 powder for benzene-solvated
C60 microparticle coating was from the Bucky USA Co
(Houston, TX). The coating of benzene containing C60

microparticles on Si(001) and 304SS disks was do
by dropping a saturated solution of C60 in benzene
on disks and subsequent evaporation of benzene.
composition of the evaporated microparticles has be
reported to be C60 ? 4C6H6.8 The particle distribution on
disks was about 400mgycm2 on Si(001) and 95mgycm2

on 304SS, respectively. Similarly, a coating of benzen
solvated C70 microparticles (C70 ? xC6H6) on 304SS with
distribution of 200mgycm2 was obtained. At room tem-
perature C60 ? 4C6H6 and C70 ? xC6H6 are stable, and
benzene cannot be driven off even in vacuum. DS
measurements showed an endotherm between 200
300 ±C for these benzene-solvated fullerenes, indicati
that these benzene-fullerenes molecular crystals dec
posed and the benzene molecules were driven off at t
temperature region.

Knoop hardness measurements were performed
a Buehler microhardness tester at load 5 g. The time
applied load was 10 s.

The IR spectra of C60 and C70 were measured
with a Perkin-Elmer 1760 Infrared Fourier Transform
Spectrometer. The data were recorded by a Perk
Elmer 7700 Professional Computer. A NaCl crystal w
used as a substrate for benzene-solvated crystals.

A scanning electron microscope (SEM) was us
to obtain topographic micrographs of C60 and C70 mi-
croparticles and the wear tracks.

The tribological measurements were carried out
using an ISC-200PC pin-on-disk tribometer (Impla
Sciences Co.) which allows the tests with differe
loads and sliding speeds. The disk specimens of hig
polished Si(001) were 1.03 1.0 cm large by 0.1 cm
thick. Those of 304SS, 1.53 1.5 cm large by 0.5 cm
thick, were mechanically polished to a surface roughne
of less than 0.3mm. The 3.2 mm diameter spheres o
Al2O3 as well as 440 stainless steel (440SS) were us
2750 J. Mater. Res., Vol. 1
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as pins. Pins were not coated and were highly polishe
Applied loads ranged from 2.5 to 100 g. Friction coeffi-
cients were measured continuously, but only the stead
state values reached near the end of 1000 cycles we
plotted in the figures for comparison under differen
loads and sliding speeds. All data were collected by
PC computer.

III. RESULTS AND DISCUSSION

A. SEM micrographs, hardness, and IR
spectra of films and solvated particles

The sublimated C60 films are polycrystalline, in
which most of particles are of fcc structure, a few
with a hcp phase. The detailed structure characterizatio
can be found in our previous work.12,13 The sublimated
C70 film is primarily fcc with some admixture of a
hcp phase.14 The SEM micrographs of film A of C60

and the C70 film are shown in Fig. 1 in which the
average sizes of C60 and C70 particles are about 0.57
and 0.26mm, respectively. Knoop hardness data of the
C60 films and the C70 film were obtained by a Buehler
microhardness tester at load 5 g. The film A and film B
of C60 exhibited a hardness of about 0.24 and 0.13 GP
respectively, while the hardness of the C70 film was
about 1.9 GPa. The data of the C60 films were close
to those of Ossipyanet al.15 who showed a Vickers
microhardness of about 0.12–0.18 GPa for C60 crystal
grown from solution. Guptaet al.4 reported a hardness
of about 1.2–2.0 GPa obtained by nanoindentation. The
attributed the higher hardness of their C60 films to
the beneficial effect in resisting deformation and/o
cracking of C60 film, and partial contributions from

FIG. 1. SEM micrographs of the C60 film A (a) and the C70 film (b).
1, No. 11, Nov 1996
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silicon substrate. In our case, the thinner C70 film showed
a higher hardness than C60 film. The Si(001) substrate
may give significant contributions to the hardness of th
C70 film.

Figure 2 shows the SEM micrographs of C60 ? 4C6H6

microparticles on 304SS. Most of the particles were
the shape of a ball which was composed of petal-li
microtwins. Their average size was about 5mm. A few
particles were flake-like crystals. On the other hand, f
benzene-solvated C60 on Si(001) and benzene-solvate
C70 on 304SS, most particles were flake-like crysta
which were typically seen in the samples crystallize
from solution.

The IR spectra of C60 and C70 films as well as
C60 ? 4C6H6 and C70 ? xC6H6 microparticles are shown
in Fig. 3. In Fig. 3(a), for C60 film, there are only four
lines at 526, 576, 1182, and 1428 cm21, suggesting
C60 with high purity. For C70 film, several major lines
locate at 535, 566, 578, 643, 675, 795, 1134, 141
and 1431 cm21, which is consistent with the reported
result of C70 film.16 No lines from C60 were observed,
indicating that the C70 film was free of C60 impurity.
Figure 3(b) shows the IR spectra of the C60 ? 4C6H6

and C70 ? xC6H6 microparticles. For C60 ? 4C6H6, there
are infrared (IR) lines of benzene at 671, 1034, 146
and 1477 cm21 in the as-prepared microparticles besid

FIG. 2. SEM micrographs of C60 ? 4C6H6 microparticles on 304
stainless steel under different magnifications for selected areas.
J. Mater. Res., Vol. 1
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FIG. 3. Infrared spectra of the fullerenes. (a) C60 film B and C70

film. The broad bands in the spectrum of C70 film are from Si(001)
substrate. This fact is further confirmed from the following spec
trum of C70 ? xC6H6 in which those broad bands do not appea
(b) C60 ? 4C6H6 and C70 ?xC6H6 microparticles.

the four IR lines of pristine solid C60 at 526, 576,
1182, and 1428 cm21,17 in agreement with the fact that
the as-prepared C60 microparticles are in the form of
C60 ? 4C6H6,8 which is of well-known hcp structure.17 In
the IR spectrum of C70 ? xC6H6, besides those lines of
C70, the line of benzene molecule at 671 cm21 can be
seen obviously, indicating the benzene molecules coex
in the crystals which also have the hcp structure.14

B. Frictional behaviors of C 60 and C70 films
under different loads and pin materials

Figure 4 shows the friction coefficients of disks
Si(001), C60 film A and B, and the C70 film on Si(001)
versus sliding distances. In Fig. 4(a), the load use
was 2.5 g and an Al2O3 pin was used. The friction
coefficient of Si(001) was about 0.65, and that of C60

film A was about 0.55. After 8 m of sliding distance
the friction coefficient of C60 film A reached the value of
Si(001), indicating the film was broken through by th
pin. The relatively high friction coefficient (0.55) was
consistent with the results of Blau and Haberlin3 and
Bhattacharyaet al.6 This high friction coefficient of the
1, No. 11, Nov 1996 2751
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FIG. 4. Friction traces from Si(001) disks uncoated and coated w
C60 film A and B, and C70 film under sliding speed 1.4 cmys.
(a) Si(001) and C60 film A with load 2.5 g and an Al2O3 pin. (b) C60

film B with different loads and an Al2O3 pin. (c) C70 film with
different pins and 2.5 g load.

C60 film was not caused by the impurity of C60 because
the C60 powder used here is.99.9% pure as confirmed
by mass spectrometer and IR. For further investigati
of C60 tribological properties, we used a thicker film
film B, to measure its friction coefficient under differ
ent loads.

The friction coefficient of C60 film B under different
loads, as a function of sliding distance, is shown
Fig. 4(b). Under 10 g load, the friction coefficient of th
film B reached about 0.8 at the first several meters
sliding distance, and then gradually reduced to 0.7 at
following sliding distance. With 25 g load, the friction
coefficient changed from 0.55 at the beginning to 0
2752 J. Mater. Res., Vol. 1
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at the end. With a heavier load of 100 g, the frictiona
behavior was quite fluctuating compared to lighter load
The coefficient of friction was about 0.55.

The difference of the friction coefficient in Films A
and B may result from the different crystallinities and
defect densities in both films.12,13 Further experiments
using high resolution electron microscope to study th
structure of those worn films are being performed.

The possible effect of different pin materials on
the frictional behaviors of C60 was evaluated too. A
different pin, 440SS pin, was used for film A, and simila
frictional behavior was observed.

Guptaet al. have found that the presence of C70 and
other impurities increases the friction coefficient of C60

films.4 However, the frictional properties of C70 itself
were unclear and not investigated. Figure 4(c) shows t
friction coefficient of the C70 film versus sliding distance
with two types of pins. The load was 2.5 g. With an
Al2O3 pin, the film showed a friction coefficient of about
0.5 before its friction coefficient reached the value o
the substrate Si(001). However, a much higher frictio
coefficient (0.9–1.0) of the C70 film was observed with
a 440SS pin. Subsequently, we will discuss the orig
of this high friction coefficient of the C70 film with
reference to the results of SEM.

As seen from the above results, a high friction
coefficient (0.55–0.8) for C60 films was observed which
was not due to the impurity of C60. Changing loads and
pin materials could not obviously reduce their friction
coefficient. For the C70 film, the friction coefficient
showed a pin dependence, which changed from 0
with an Al2O3 pin to about 0.9 with a 440SS pin. The
relatively high friction coefficients of C60 and C70 films
were due to the tendency of the C60 and C70 particles
to clump and compress into a high shear strength lay
which was hard to deform, as shown in Fig. 5 and Fig.

C. SEM micrographs of wear tracks
of C60 and C70 films

Figure 5 shows the SEM micrographs of the wea
track of film A of C60 after the sliding distance shown
in Fig. 4(a). The film on the track was ploughed up
by the pin [Fig. 5(a)] and the particles on the trac
were compressed into patches of smooth denser lay
[Fig. 5(b)]. We also observed that a tenacious transf
film was formed on the pin surface which separated th
pin and the disk. This kind of transfer film can be clearl
seen in Fig. 6. In Fig. 6, the wear track of the C70 film
and the surface of the 440SS pin after the sliding distan
shown in Fig. 4(c) were presented. Similarly, the film
on wear track was worn out because of ploughing b
the 440SS pin during sliding [Fig. 6(a)]. On the mating
surface of the 440SS pin, a dark-appearing tenacio
transfer film with denser density was formed [Figs. 6(b
1, No. 11, Nov 1996
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FIG. 5. SEM micrographs of (a) the worn C60 film A on Si(001) and
(b) the patch of the compact of C60 film on the track.

and 6(c)]. The shear strength of this dense, dark trans
film resulted in significant surface traction during sliding
Consequently, high friction coefficients were observe
for the 440SS pin on the disk. These results agreed w
those of Blau and Haberlin.3

D. Lowered friction coefficients of
benzene-solvated C 60 and C70 particles

In contrast to the pure C60 and C70 films, the
benzene-solvated C60 and C70 particles show lowered
friction coefficients. Figure 7(a) shows the friction co
efficients of the Si(001) disks uncoated and coat
with C60 ? 4C6H6 versus sliding distances. The load
were 10 g. The friction coefficient of uncoated Si(001
increased at the beginning, and it reached the maxim
(,0.65) near 3 m of sliding distance. The friction coe
ficient of C60 ? 4C6H6-coated Si(001) showed a lowere
value ,0.35 before it reached the value of Si(001
The lowered friction coefficient of 304SS by coatin
of benzene-solvated C60 and C70 particles was quite
J. Mater. Res., Vol. 1
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FIG. 6. SEM micrographs of (a) the worn C70 film on Si(001) and
(b, c) the 440SS pin surface with patches of the compact of C70 film
under different magnifications.

evident in Fig. 7(b). The loads used were 25 g. Th
friction coefficient of uncoated 304SS was,0.8. For
C60 ? 4C6H6-coated 304SS, it has a lowered friction co
1, No. 11, Nov 1996 2753
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FIG. 7. Friction traces from Si(001) (a) and 304SS (b) disks uncoat
and coated with C60 ? 4C6H6 and C70 ? xC6H6 under sliding speed
2 cmys. An Al2O3 pin was used. (a) Si(001) and C60 ? 4C6H6 with
load 10 g. (b) 304SS, C60 ? 4C6H6, and C70 ? xC6H6 with 25 g load.

efficient of 0.35 at the beginning. After near 6 m slidin
distance, its value further reduced to 0.25. The reducti
of friction coefficient during sliding suggested that
lubricating layer was forming between the pin and th
disk. Similarly, for C70 ? xC6H6-coated 304SS, it had
a friction coefficient of 0.4 at the first several sliding
distances, and then its value reduced to 0.3 after 15
sliding distance. The optical micrographs of the we
tracks showed that much less wear occurred on t
C60 ? 4C6H6-coated 304SS then the uncoated 304SS, a
these reductions were accompanied by a change from
adhesive wear mode to an abrasive wear mode.18 The
above results indicated that the coating of C60 ? 4C6H6

and C70 ? xC6H6 on 304SS reduced friction as well a
wear. The friction coefficients (,0.25 for C60 ? 4C6H6

coating and 0.3 for C70 ? xC6H6 coating) were reduced
by ,70% in comparison to uncoated values (,0.8). We
noticed that these benzene-solvated fullerenes are ch
ically stable at room temperature. After being expos
to air for half a year, the steels coated with C60 ? 4C6H6

and C70 ? xC6H6 particles still show lowered coefficients
of friction.
2754 J. Mater. Res., Vol. 11
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The load and sliding speed dependences of t
friction coefficients of 304SS disks uncoated and coate
with C60 ? 4C6H6 are shown in Fig. 8. All samples
showed less change upon different linear speeds. Und
different loads, the friction coefficients of the uncoate
304SS disk were almost the same (,0.75). For the
C60 ? 4C6H6-coated 304SS disk, its friction coefficient
was about 0.44 at 5 g load. Upon increasing load
the friction coefficients of C60 ? 4C6H6-coated disks
showed a minimum value of 0.25 at 25 g load befor
it reached the uncoated values beyond 50 g load. T
low coefficient of friction observed at lighter loads
represents a reduction of 50–70% in comparison
the uncoated value due to the presence of C60 ? 4C6H6

coating. Similar results were also observed on 304S
coated with solvated C70 microparticles.

The relatively high friction coefficient of benzene-
free C60 particles layer is due to the tendency of th
C60 particles to clump and compress into a high she

FIG. 8. Friction coefficient at the end of 1000 cycle pin-on-disk tes
of 304 stainless steel disks uncoated and coated with C60 ? 4C6H6,
plotted as functions of load (a) (2 cmys sliding speed) and sliding
speed (b) (10 g load). Al2O3 pins were used.
, No. 11, Nov 1996
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strength layer. Instead, in the case of solvated C60 and
C70 microparticles layer, their reduced friction may b
related to their preferred structure which prevents t
formation of the high shear strength layer.

The solvated C60 and C70 crystals have shown dif-
ferent structures from solvent-free fullerene crystals b
cause of the incorporation of guest molecules into t
host C60 and C70. For example, C60 crystals grown from
benzene,8,19 n-heptane,20 CCl4,21 and a benzene solution
containing CH2I2

22 have a hexagonal structure.17 C60

crystals grown from CS223 or n-pentane24 in an un-
twinned form show an orthorhombic lattice. C60 crystals
with cyclohexane crystallize in the cubic system.10 The
common feature in the structures of these crystals
that the spherical C60 molecules are close-packed with
the insertion of the solvent molecules. A representati
structure of these solvated crystals is the hexago
close-packed C60 ? 4C6H6, as shown in Fig. 9. In this fig-
ure, the C60 ? 4C6H6 crystal can be visualized in terms o
a hexagonal close-packed arrangement of C60 molecules
with the hexagonal axil alonga. The C60 spheres within
a close-packed layer are then moved well apart and
benzene molecules are inserted, and the close-pac
layers moved toward each other along thea-axis until
adjacent molecules (along thea-axis) touch. Three of
the four benzene rings lie parallel to the C60 molecular
surface, and the other appears to fill an interstice betwe
the other molecules.8 A stereoview of the hcp structure
of solvated C60 crystals can also be found in Refs. 1
and 22. Similarly, C70 ? xC6H6 also has a hcp structure.14

Therefore, the intercalation of the benzene molecu
into the close-packed layers may produce a low she
strength for C60 ? 4C6H6 as well as for C70 ? xC6H6, which
makes C60 and C70 molecules act like tiny ball bearings
working at the interface.

The coatings on 304SS disks using solvated C60

with different solvents, toluene, CS2, and CCl4, etc.
J. Mater. Res., Vol. 11
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indicate that these solvated C60 microparticles also lower
the friction coefficient of 304SS as do the benzen
solvated fullerenes.25 Because C60 ? xCS2 crystals have
an orthorhombic structure, these results indicate th
the hcp structure of solvated C60 crystals may not be
the only preferred structure in lowering the friction
Furthermore, these preliminary results suggest that
intercalated solvent molecules may have a twofold fun
tion in lowering the friction coefficient; i.e., they may
prevent the formation of the high shear strength lay
as occurred in pure fullerene thin film, and make C60

and C70 molecules act like interface ball bearings. Th
structure characterization of the lubricating layer of the
solvated fullerenes formed during sliding is under way

IV. CONCLUSIONS

The above results exhibited a high friction coeffi
cient (0.55–0.8) for C60 films on which the purity of
C60, loads, and pin materials have no bearing. For t
C70 film, the friction coefficient showed pin dependence
which changed from 0.5 with Al2O3 pin to about 0.9 with
440SS pin. The relatively high friction coefficients of C60

and C70 films were due to the tendency of the C60 and C70

particles to clump and compress into high shear stren
layers which were hard to deform. The coating o
C60 ? 4C6H6 and C70 ? xC6H6 on 304SS reduced friction
as well as wear. The friction coefficients (0.25 fo
C60 ? 4C6H6 coating and 0.3 for C70 ? xC6H6 coating at
25 g loads) were reduced by,70% in comparison to
uncoated values (,0.8). In the case of solvated C60 and
C70 microparticle layers, the benzene molecules we
intercalated into the C60 and C70 lattice, which may
play the role of a molecular lubricant among C60 ball
molecules, and the C60 and C70 molecules acted like tiny
ball bearings at the interface.
FIG. 9. Stereopair showing the crystal packing for C60 ? 4C6H6 with lattice parametersa ­ 9.961(3), b ­ 15.072(7), andc ­ 17.502(5) Å,
reproduced with permission from Ref. 8.
, No. 11, Nov 1996 2755
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Our results suggest that pure (undoped) fulleren
C60 and C70 are not particularly lubricous under ambien
conditions. However, benzene-solvate can be adopted
modify the crystal structure of the fullerenes in orde
for them to form a preferred structure with low shea
strength. Benzene-solvated fullerenes are stable in
air, and the benzene molecules cannot be driven out u
above 200±C. The steels coated with solvated fullerene
still show low friction coefficient after keeping them
in the air for half a year. These results suggest th
the solvated fullerenes may have potential applicatio
as lubricants. They are also good precursors for t
investigation of tribological mechanism at nanosca
because these fullerenes possess the unique prope
of a sphere of diameter in nanometers.
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