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1. INTRODUCTION

Starting from the instant of discovery of fullerenes,
they are widely used in biology and medicine, tribol�
ogy, power engineering, metallurgy, etc. Great atten�
tion is paid to technologies of modifying metals to
improve their properties and obtain new materials [1–
3]. For this purpose, mechanical alloying (the
mechanical synthesis MS) in ball mills is used [4–8].
The published data on the behavior of fullerites during
the high�energy milling with the use of mills of various
types are contradictory [4, 9–12]. Depending on the
selection of mechanical activation (MA) conditions,
particularly, the power density of the used mill and the
medium of mechanochemical treatment (air, vacuum,
and an inert medium), the formation of metastable
crystalline/amorphous structures of carbon from
“amorphous fullerite�like” carbon [4, 8–11] and
“graphite�like” carbon [13] to “diamond�like” carbon
[13] is possible. It is shown in [12, 13] that the temper�
ature evolution of amorphous fullerites obtained dur�
ing their MA can lead either to ordering the structure
with the formation of the crystalline phase of fullerite
or to the formation of the diamond�like amorphous
phase (>600°C) depending on the power density and
subsequent annealing.

It is known that structural variations of fullerites at
high deformation loads can be accompanied by the
formation of dimer structures. The formation of
dimers C120 is fixed during the MA of fullerites by a dry
method [4, 10] as well as with the use of various cata�
lysts [14–16]. In this case, an increase in density and a

decrease in the volume of the fcc lattice is observed
because of connection of C60 molecules with each
other. There are the data on obtaining dimers C140 dif�
ficult�to�obtain by other methods [17] and so�called
crossed dimers C130 [18].

During the MA of fullerites, their sorption proper�
ties vary, which makes it possible to obtain fullerene�
containing compounds of various chemical composi�
tions. For example, the MS of fullerites in the hydro�
gen medium is used when obtaining fullerene hydrides
C60Hn [11], in the oxidizing medium—for obtaining
the mixtures of polyoxide fullerenes of various compo�
sitions C60Hn [19, 20], etc. The MS of more complex
modified fullerene structures with specified chemical
properties is widely extended [21–25].

As the initial sample, both monofullerite C60 (e.g.,
[9–12, 26]) and the more available mixture C60/70 [4,
9, 18] without additional separation of fullerite into
fractions in the liquid chromatograph are used. Fuller�
ite C60/70, which is obtained by crystallization from the
toluene solution, comprises molecular complexes
C60–C70–C6H5CH3 (crystal solvates), in which the
molecules of fullerenes and the solvent are associated
between each other by weak van der Waals forces. It is
known that the removal of toluene is possible during
prolonged annealings in conditions of dynamic vac�
uum (~200°C) and/or by the sample sublimation [27].
In this case, the behavior of toluene after the MA of
fullerites C60/70 (the possibility of destruction of
molecular complexes C60–C70–C6H5CH3 during the
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MA with the subsequent removal of residual toluene)
was not considered in publications.

Comparative investigations of the deformation
behavior of fullerite and other forms of carbon, for
example, graphite and carbon nanotubes, performed
in identical experimental conditions, are absent. The
results of investigations of nanodimensional carbon,
which is obtained during the MA of graphite, are par�
ticularly presented in [28–32], and the data for carbon
nanotubes are presented, for example, in [33–35]. To
synthesize nanostructured carbon, authors of [11] sug�
gested using fullerite as the less stable carbon phase
compared with graphite as the precursor.

In this study, we present the results of investigation
into the structural variations in fullerites C60/70 as well
as in graphite during their MA in an AGO�2S ball
planetary mill.

2. MATERIALS AND EXPERIMENTAL 
TECHNIQUE 

Investigations were performed for fullerites
obtained at Physical–Technical Institute of the Ural
Branch of the Russian Academy of Sciences by elec�
tric�arc evaporation of graphite rods with the subse�
quent extraction of fullerenes from the fullerene�con�
taining ash by boiling toluene in a Soxhlet device and
the further crystallization of fullerite from the solution
in the rotation evaporator and for shaving�like graph�
ite obtained by mechanical milling the rods of the os.�
ch. 7�2 grade. The composition of the initial mixture
C60/70 (by the data of highly efficient liquid chroma�

tography and thermal gravimetry)
1
 is presented in the

table. The MA was performed in an AGO�2S ball
planetary mill (the drums are made from hardened
stainless steel #40Kh13#, and the balls 8 mm in diam�
eter were made of steel #ShKh15#). The MA of fuller�
ites C60/70 was performed at power densities of 2.2 and
4.3 W/g in an inert medium (PAr = 0.1 MPa) with pre�
liminary evacuation (P = 10–3 MPa). The MA dura�
tion was 0.4–28 h.

The X�ray structural studies of the samples before
and after the MA were performed using a BRUKER
D8 ADVANCE diffractometer (CuK

α
 radiation). The

stability of the molecular state of fullerenes was deter�
mined by the data of the IR and UV spectroscopy as
well as by using the qualitative chemical analysis. In
the last case, the samples under study were dissolved in
toluene, and the presence or absence of fullerenes in
the sample was judged by the intensity of solution col�
oration. The IR studies were performed using an FSM
1202 Fourier spectrometer with the resolution of
1 cm–1 (14 scans). To obtain the transmission spectra,
the pelleted samples of fullerene powders with KBr in
the ratio of 1 : 250 mg were prepared. The stability of
molecules of the fullerene mixture after the MA was
evaluated quantitatively using the absorption spectro�
photometry (Lambda650, fullerene solutions in tolu�
ene) with molar absorption coefficients for 400, 410,
and 472.8 nm calculated in [36]. The electron micros�
copy investigations were performed using a Jeol JSM
6360LA scanning electron microscope.

3. RESULTS AND DISCUSSION

The initial mixture of fullerites C60/70 consists of
plane crystals 200–800 μm in size (Fig. 1a) with a
developed loose surface (Fig. 1b). During initial mill�
ing times in a mill, the uniform stirring and agglomer�
ation of the particles up to 200 μm in size occur
(Fig. 2a). The further deformation effects lead to mill�
ing these agglomerates to 2 μm (after 24�h MA,
Fig. 2d).

1 A mixture of fullerites C60/70 is analyzed by E.V. Skokan at the
Department of Chemistry of the Moscow State University.

Composition of the initial mixture C60/70 (wt %)

C60 C70
C60O, C60O2, 

C70O
C76, C78, 
C82, C84

Residual 
toluene

82.18 14.08 2.81 0.93 1.05

50 μm

5 μm

(a)

(b)

Fig. 1. General appearance of fullerites C60/70.
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Figure 3 shows the X�ray diffraction patterns of
mechanically activated fullerites C60/70 at two values of
the power density of the mill (4.3 and 2.2 W/g). An
increase in the MA time of the samples leads to a con�
siderable decrease in intensity of diffraction lines and
their broadening, which indicates the disordered crys�
tal structure of fullerites. During intense ball milling,
mixture C60/70 remains stable for 2 and 8 h at power
densities of the mill of 4.3 and 2.2 W/g, respectively.
The further milling the samples leads to the appear�
ance of amorphous halos in the X�ray diffraction pat�
terns, which are situated in the region of fundamental
peaks of fullerites (2θ ~ 8 and 18°). As the MA time
increases to 3.5 and 28 h for 4.3 and 2.2 W/g, respec�
tively, the halo maximum shifts towards the funda�
mental peak of graphite (line (002), ~25°), and corre�
sponds to ash in this case, which indicates the com�
plete destruction of the crystal structure of C60/70.
According to [11], the above�described states corre�
spond to “amorphous fullerite�like” and “amorphous
graphite�like” phases.

At milling times shorter than 3.5 h (4.3 W/g), the
powders are soluble in toluene with its characteristic
coloration (inset in Fig. 4); in this case, as the MA
time increases, the coloration intensity of the solution
decreases. This means that not only the crystal struc�
ture of fullerites but also fullerene molecules are

destructed during milling in the ball planetary mill. A
considerable decrease in intensity of fundamental
absorption bands of C60 and C70 is observed in the IR
spectra of samples C60/70 (Fig. 4). After the 24�h MA
(2.2 W/g), only strongest modes corresponding to C60

are retained in the spectrum, and after the 28�h MA,
their absence is observed, which indicates the com�
plete destruction of fullerenes. In this case, no notice�
able oxidation of fullerites as well as formation of
dimers is observed.

The qualitative evaluation of the fullerene content
in the samples after their MA, which was fulfilled by
the UV spectral analysis, showed (Fig. 5) that fullerene
molecules remain completely stable for the activation
time up to 1 h at 4.3 W/g and 2–4 h at a lower value of
the power density of the mill (2.2 W/g). The MA time
of 3.5 and 28 h, respectively, is necessary for the com�
plete destruction of the molecular structure. As it was
shown above, after these milling times, the amorphous
fullerite�like structure transforms into amorphous
graphite�like structure.

It is known [27, 37] that fullerites crystallized from
the toluene solution absorb the residual solvent. The
structural state of the samples of the mixtures obtained
by recrystallization in the evaporator is characterized
by the presence of two phases, namely, fcc�C60 and
C60–C70–C6H5CH3, in which molecules of fullerenes

(a)

(b)

(c)
0.2 mm 0.2 mm

0.2 mm0.3 mm
(d)

Fig. 2. Change of dispersity of powders C60/70 after their MA for (a) 2, (b) 8, (c) 16, and (d) 24 h.
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and the solvent are associated between each other by
weak van der Waals forces. According to the IR spec�
troscopy data, the solvent is retained in the sample
composition for the entire MA time after the MA of
fullerites C60/70, which is indicated by the presence of
the absorption band at ~725 cm–1 (Fig. 4). During the
MA, a planar toluene molecule is deformed [38],
which manifests itself in the IR spectrum in the shift of
absorption bands (ABs) of toluene. Figure 6 represents
the fragments of MA spectra of the mixture C60/70 nor�
malized to the transmission intensity of the back�
ground. For comparison, the IR spectrum of the KBr
pellet compacted with toluene without fullerite C60/70

is presented. The location of the ABs corresponds to
the deformation symmetric vibration C–H of the aro�

matic ring (δs(C–H)) of 729 cm–1. In the presence of
the molecular complex C60–C70–C6H5CH3, the low�
frequency shift 729  725 cm–1 (the initial sample,
curve 1), which is caused by the deformation of the
molecule, is observed. During the MA, the location of
ABs varies (curve 2) due to the variations in the crystal
solvate structure. With the milling duration of 24 h, the
AB shift decreases to 726 cm–1 (curve 3), which allows
us to assume weakening the van der Waals interactions
between the molecules of the complex C60–C70–
C6H5CH3 and its destruction. After 28�h milling, the
sample contains no residual toluene.

Comparative investigations of fullerites C60/70 and
graphite showed substantial distinctions in their defor�
mation behavior. After opening the drums after the
4�h MA, graphite powders burned, while fullerite
powders did not burn. In order to exclude ignition of
the samples, graphite powders were passivated with
heptane upon opening the drums. Ignition indicates to
considerably larger specific surface area of graphite
powders as well as on the presence of opened dangling
bonds, which promote the oxidation reaction upon the
access of air oxygen. It is seen from Fig. 7 that amor�
phization of graphite occurs considerably earlier than
that of fullerite. Already after the 1�h MA, an amor�
phous halo is observed in the X�ray diffraction pattern,
while fullerite retains high crystallinity. In order to
attain the same structural state as in the case of graph�
ite, deformation effects on fullerite 28 h long are
required (Fig. 7). Thus, despite the fact that graphite is
the most thermodynamically stable carbon phase, its

10 20 20
2θ, °

0 h

2 h

3 h

3.5 h

4.3 W/g

28 h

2.2 W/g

24 h

16 h

2 h

0 h

x

10 20 20
2θ, °

Fig. 3. Influence of the power density on destruction of ful�
lerites C60/70 (x is the cuvette material).
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Fig. 4. IR spectra of fullerites C60/70 after various MA
times with the power density of 2.2 W/g. The qualitative
chemical analysis of the solution of fullerites C60/70 in tol�
uene (4.3 W/g) is in inset, the digits correspond to MA
times (in hours).
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deformation stability is substantially lower than that of
fullerite.

The observed distinctions in the deformational
instability of graphite and fullerite are apparently asso�
ciated with the different bond strength between carbon
atoms. The length of the C–C bond inside the plane of
graphite layers is 0.1415 nm, and neighboring layers of
carbon atoms in the crystal are at a rather long distance
from one another (0.335 nm). This indicates the low
bond strength between carbon atoms arranged in dif�
ferent layers. Differences in bond lengths inside the
graphite plane and between the planes determine
strong anisotropy of graphite properties. The low
mechanical strength of graphite and its rapid amor�
phization are explained by this fact. In the case of ful�
lerite, bond lengths inside the fullerene molecules are
considerably shorter, namely, double (C=C) and sin�
gle (C–C) bonds have the length 0.139 ± 0.001 and
0.144 ± 0.001 nm, respectively. Strong covalent bonds
C–C and C=C promote retaining the molecules C60

and C70 themselves. According to the data of the quan�
titative UV analysis, the weight fraction of fullerenes
after the 1�h MA is conserved equal to 100%, and after
the 16�h MA, it decreases to 50% (Fig. 5). With the
conservation of the structure of fullerenes, their crys�
tallinity is also conserved.

4. CONCLUSIONS

Thus, performed investigations with the use of
X�ray diffractometry, IR and UV spectroscopy, and
scanning electron microscopy allowed us to conclude
the following.

(i) Intense deformation effects, which are imple�
mented during the MA of fullerites C60/70, lead to their
amorphization. In this case, the deformation stability
is determined by the selected mode of the power den�
sity of the mill. It is established that the complete
destruction of fullerite corresponds to the 3.5�h MA
with the power density of the mill of 4.3 W/g and the
28�h MA at 2.2 W/g.

(ii) Deformation�induced destruction of the crys�
tal structure of fullerites is accompanied by the
destruction of fullerene molecules.

(iii) The residual solvent, which enters the compo�
sition of C60/70, is retained during the entire MA treat�
ment. The low�frequency shift of the toluene AB
(729  725 cm–1), which is caused by the deforma�
tion of the solvent molecule in the composition of
crystal solvates, is observed in this case.

(iv) It is shown that the deformation stability of
graphite is substantially lower than that of fullerite,
which is apparently associated with the difference in
the bond strength between carbon atoms.

4 80
0

20

40

60
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100
n, %

12 16 20 24 28

Milling time, h

2.2 W/g

4.3 W/g

Fig. 5. Variation in the weight fraction n of fullerenes with
time in different MA modes.
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Fig. 6. Fragments of IR spectra of mechanically activated
powders of mixture C60/70. (1) Starting powder, (2) after
the 16�h MA, and (3) after the 24�h MA.
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Fig. 7. X�ray diffraction patterns of the comparison of the
samples after the MA of graphite Cg (0 and 1�h MA) and
fullerite C60/70 (1 and 28�h MA). 
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