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Mechanical milling of fullerene with carbide

forming elements
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Mechanical alloying of Ti, V, Cr, Mo and W with fullerene (Cg(C70)) and graphite reveals that
fullerene is more reactive than graphite. The formation heat of carbide is the driving force
for reaction in the mechanical alloying process. Higher heat of formation results in the
direct formation of carbide in Ti-C systems, and the formation of carbide in V-C systems
during the subsequent heating of milled powder. In the systems with lower carbide heat of
formation, a mixture of metal with carbon is obtained by ball milling. No carbide was
obtained even after heating the milled powders up to 973 K. Small amount of fullerene
remained when milled with Mo and W for 10 hours. © 2002 Kluwer Academic Publishers

1. Introduction

Since the discovery of Cgg and its production in large
amounts [1, 2], Cgp and other fullerenes have attracted
much attention [3-5]. Efforts have been devoted to the
fabrication and purification of fullerenes, and the in-
vestigation of basic physical and chemical properties
of them. Since the discovery of the superconductivity
of Cgp doped with alkali or alkaline-earth metals [6],
applications have emerged because carbon can be com-
bined with metals to produce a variety of materials.
It is therefore worthwhile to investigate whether Cg
can be added to metals to improve their mechanical
properties, to produce new materials, or to form metal
fullerides [7].

Mechanical alloying (MA), a solid state ball milling
process at ambient temperature, is a popular method to
fabricate materials with novel structures and/or prop-
erties. It is therefore interesting to study what hap-
pens if fullerene is used instead of graphite in MA.
The stability of fullerene molecules during processing
emerges as a critical problem. However, few studies
have been carried out in the area. Several kinds of car-
bon (graphite)-metal alloys had been subjected to MA;
the alloying process and final products had been charac-
terized. Various products, such as carbides, solid solu-
tions and mixtures can be obtained by MA, depending
on the starting metallic elements and the milling con-
ditions [8-10]. Based on previous work on mechan-
ical milling of fullerene [11], the present work will
try to elucidate the behavior of fullerene when milled
with strong carbide forming elements. The alloying pro-
cess and the final products, especially the reactivity of
fullerene with the metals during MA, is investigated in
detail and comparisons of fullerene with graphite are
made.

2. Experimental details

Fullerene was produced by soxhlet extraction of the
arc discharge produced carbon soot through toluene
as described by Kraetschmer et al. [2]. The extracted
fullerene consists of 80% Cgp, 20% C7¢, and traces of
higher order fullerenes, which were not further sepa-
rated. Henceforth, Cgp(C79) will be used to represent
the above fullerene mixture in the present study.

For MA, mixtures of M-1.6 mol% Cgo(C79) powders
were used (where M = Ti (purity of 99.9% and an aver-
age particle size of 150 um), V (>99% and 75 pum), Cr
(99.9% and 63 um), Mo (>99.9% and 1.5 um) and W
(99.9% and 2 pum)). The composition was determined
to give a 1:1 atomic ratio of metal to carbon. Mixtures of
the metals with graphite (99.9% and 5 ;«m) at the same
atomic ratio (1:1) were subjected to MA for compari-
son. MA was carried out in a conventional horizontal
ball mill at a rotation speed of 95 & 1 rpm, with a weight
ratio 1000:1 of ball to powder. 0.1 ml methanol was
added to prevent heavy cold welding during milling.
The whole MA was carried out under the protection of
an argon atmosphere with a maximum milling time of
10 hours.

Structural evolution of the powder mixtures was
monitored by x-ray diffraction (XRD) performed on
a MAC'® x-ray diffractometer with Cu K, radiation.
The resultant powders were observed in a JEM 6300
scanning electron microscope (SEM) and an H-800
transmission electron microscope (TEM). Since the dis-
solution of fullerene into toluene will change its color
to red-brown, which is a characteristic indication of
the existence of fullerene molecules, a color test using
a toluene solution of the milled powders was carried
out. This was performed by dissolving the ball milled
M-fullerene samples in acids according to the various
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metal present (to remove the metal) and then mixing
the solution with toluene (to dissolve the fullerene
molecules).

3. Experimental results

3.1. MA of Ti-C systems

Ti is a typical carbide forming element. Mechanical
alloying of Ti with graphite has been widely stud-
ied. XRD patterns of Ti-graphite and Ti-fullerene
(C60(C79)) powders indicate that TiC forms in both sys-
tems after 10 hours’ milling. However, detailed inves-
tigation showed a significant difference. TiC appeared
after 3.5 hours milling in the Ti-fullerene Cgo(C70) Sys-
tem, while TiC was found in Ti-graphite system after
5 hours milling (see Fig. 1). SEM observations con-
firmed the phase transformation in terms of the mor-
phological changes to the powders. The Ti-fullerene
powders milled for 3.5 hours changed from large pieces
to smaller round particles with the formation of TiC.
The same morphological change took place in the
Ti-graphite powders milled for 5 hours.

3.2. MA of V-C systems

Vanadium is another strong carbide forming element
in the neighboring group to Ti. The XRD patterns of
the as-milled powders of V-graphite and V-fullerene are
shown in Fig. 2. After 10 hours milling, no evidence to
the formation of VC or V,C compounds was obtained
from the XRD patterns in either system. Measurement
of the lattice parameters and spacings of various reflec-
tion planes revealed essentially the same values as those
of the starting vanadium powders (see Table I). This in-
dicates that no distinguishable solid solution of carbon
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Figure 1 XRD patterns of Ti-graphite and Ti-fullerene (Cgo(C79)) pow-
ders after 3.5 hours milling.
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TABLE I Spacings of different planes of V milled with graphite and
fullerene for 10 hours, respectively

hkl 200 211 220 310 222 a
\% 1523 1243 1076 0962 0879  3.043
V-G 1528 1244 1077 0965 0879  3.044
V-F 1520 1242 1077 0962 0879  3.046
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Figure 2 XRD patterns of V-graphite and V-fullerene (Ceo(C70)) pow-
ders after 10 hours milling.

into V matrix took place for both systems. However,
no trace of fullerene could be detected in the milled
V-fullerene powders. The fullerene molecular structure
was believed to be destroyed by milling with vanadium
powder. TEM observation confirms the existence of
nanocrystalline V crystals with an average grain size
of around 20 nm (Fig. 3).

Fig. 4 shows the DSC curves of the two ball milled
samples. There appears to be only one exothermic
peak at around 749 K for the V-graphite sample, while
three distinguishable exothermic peaks appeared for
the V-fullerene sample. The structural evolution during
heating was then investigated by XRD (Fig. 5). VC, as
well as a small amount of V,C was found in the heated
V-fullerene sample. In contrast, only V,C appeared in
the heated V-graphite sample (a small amount of V,0
was thought to exist due to the oxidization resulting
from the absorbed oxygen in sample). No VC could
be detected in the latter sample. This indicates that
fullerene is more reactive. It is deduced that mechanical
milling of V-fullerene and V-graphite powder mixtures
leads only to a uniform mixing of V and carbon without
the formation of carbides. The subsequent heating com-
pleted the carbide formation process. Fullerene has a
stronger reactivity towards V than graphite.



Figure 3 TEM observations (dark field images) of the V-graphite and
V-fullerene (Cg0(C7¢)) powders milled for 10 hours.
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Figure 4 DSC curves of V-graphite and V-fullerene (Cgo(C70)) powders
after 10 hours milling.

3.3. MA of Cr, Mo, W-C systems

MA of Cr, Mo and W with graphite and with fullerene
(Ce60(C70)) shows totally different results from Ti but
similar to that of V. 10 hours milling did not produce
carbide in systems with either graphite or Cgo(Cyg)
(Fig. 6a—c). Only peaks corresponding to each metal
can be distinguished in the XRD curves. Mechanical
milling led to the uniform mixing of the constituent
powders. The lattice parameter measurements of the
metals after 10 hours’ milling are listed in Table II. The
results reveal essentially no change in lattice parameter

TABLE II Comparison of lattice parameters of Cr, Mo and W after
10 hours milling with graphite and fullerene

Cr Mo W
ag 2.884 3.147 3.165
aG 2.885 3.147 3.164
ap 2.886 3.147 3.166
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Figure 5 XRD patterns of the milled V-graphite and V-fullerene
(C60(C70)) powders after heating to 973 K.

of the metals milled with both graphite and fullerene
(C60(Crp)), indicating that no solid solution of carbon
in the metal matrix takes place. SEM observations (not
shown here) and TEM observations of the resultant
powders did not reveal differences in the powder shape
and microstructure of the samples milled with graphite
and fullerene (Fig. 7). The average crystalline grain size
for the metals is around 30 nm.

The color test of the milled powders indicated
that there was no fullerene in milled Cr-fullerene
(Ce0(C70)). However, both the milled Mo and W-
fullerene (Cgp(C79)) changed the color of toluene; W-
fullerene showed a deeper yellow color, implying a
larger amount of the residual fullerene than those in
Mo-fullerene (Cg(C7p)). DSC measurement up to 973
K revealed a weak exothermic peak around 771 K in
W-fullerene powder, which is attributed to the decom-
position of residual fullerene molecules during heating.
However, this exothermic peak did not appear for Mo-
fullerene sample. This is probably due to the smaller
amount of the residual fullerene.

4. Discussion
4.1. Reactivity of fullerene (Cgo(C70))
with metals during MA

The present research has shown that fullerene has a
stronger reactivity towards metals than graphite. This is
consistent with the previous observation that Cg reacts
with oxygen faster than graphite does [12]. Another
study on the surface properties of graphite, carbon black
and fullerene carried out by Papirer et al. [13, 14] has
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Figure 6 XRD patterns Cr, Mo, W-C (graphite, Cg0(C70)) powders milled for 10 hours.

also concluded that the fullerene surface is more polar,
which would result in a stronger attraction to electron
donators. This would indicate that fullerene molecules
are more reactive than graphite, which is in consistent
with the present experimental results.

At room temperature, fullerene (Cgp) shows a face-
centered-cubic (fcc) crystalline structure with Van der
Waals bounding between ball shape molecules. During
mechanical milling, fullerene molecules remain, while
the weak bonds between the fullerene molecules are
easily broken to form an amorphous phase, consist-
ing of fullerene polymers formed through new bonds
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between the fullerene molecules. However, milling
of fullerene with metals is different. Single fullerene
molecules (diameter is only 0.71 nm) or clusters can be
attached to the surface of metal particles or entrapped
in the metal particles through the repeated fracture and
cold welding of the metal particles. This leads to inti-
mate contact between metal atoms and carbon atoms,
favoring reaction. A similar process should take place in
metal-graphite systems. However, the strong in-plane
C-C bonds (with a binding energy per carbon atom of
7.4 eV) makes it more difficult to break the bigger
hexagon at planes into smaller pieces, but relatively



Figure 7 TEM observations (dark field images) of (a) W-graphite and
(b) W-fullerene (Cgp(C79)) powders after 10 hours milling. The selected
area diffraction (SAD) patterns are inserted in each image.

easy for the hexagon at plane to slip during mechanical
milling. The smallest grain size of graphite reached in
a mechanical milling process is reported to be around
2-3 nm [15-17]. Therefore, the fullerene molecules
should mix more intimately with metals than graphite
pieces are able to do.

Besides the structural considerations of carbide for-
mation, the energy requirements are also compared for
fullerene and graphite. An enhancement in reactivity
had been reported for the milled graphite [15, 18] due
to the increase in specific surface area, as well as the in-
crease in non-crystallinity, i.e., the growing disorder on
an atomic scale. Distortion and topological rearrange-
ment of sp” bonds in the sense of two-dimensional
random networks of graphite plays an essential role in
the enhancement of chemical reactivity of nano-sized
carbon powders. Results from X-ray emission spectro-
scopic analysis suggest that some electrons in the car-
bon atom have energies corresponding to the sp* hybrid
orbital [19]. Some recent works have studied the effect
of the energy state of the fullerene on its deposition on
a metal substrate, or vice versa, or on co-evaporation of
fullerene and metals. The results might be beneficial in
elucidating the present results.

Investigations have been carried out in several
metal-fullerene systems including, Ti [20-25], Zr
[25], V [24, 25], Nb [21], Ta [21], Cr [20], Mo [26],

and Si [27]. A charge transfer from metal, e.g., Ti,
to Cgo in the formation of fulleride has been found.
The interaction between Ti and Cgq leads to a charge
transfer of electrons to the anti-bonding orbitals in the
Cgo molecule with a resulting destabilization of the Cg
cage. The decomposition of a Cgy molecule could thus
occur at fairly low temperatures provided that the Ti
concentration is high enough [24]; the limit was found
to be around 5.3-5.5 at.% Ti. Similar results were
found when both Ti atoms and Cg; molecules were
activated by mechanical milling. The Ti atoms and
Ceo molecules have a much higher energy state than
the pre-milled powders. The extra energy provides the
activation energy for Cgy decomposition and further
carbide formation. A study of pre-deposited Cgy on
a Si substrate revealed that Cgy was progressively
destroyed by annealing, and that the reaction starts at
the interface between the Cg layer and the Si substrate
and continues by diffusion of silicon through the
already formed SiC [27].

The above results indicate the requirements for the
reaction between Cgy and the transition metal to form
carbide: i.e., activation of Cg and the transition metal
atoms. This is generally realized by heating in conven-
tional processes. However, the Cgp molecules can also
be activated by the existence of metal atoms, through
charge transfer from metal atoms to Cgp molecules to
disrupt the C-C bonding on the fullerene cage [20-25].

As mentioned above, the concentration limit of metal
needed to destabilize the Cgg molecule is very low
(5.3-5.5 at.% in the Ti-fullerene deposited film [24]).
In the present mechanical milling process, there is a
much larger atomic ratio of metal to carbon (1:1 in the
starting powder mixtures). Consequently, the destabi-
lization and decomposition of fullerene molecules is
easier and can take place at room temperature dur-
ing MA process. The decomposed fullerene molecules
provide carbon atoms next to Ti atoms. With the
mixing of fullerene (Cgp(C7¢)) molecules with metal
atoms (e.g. Ti) and destabilization and decomposition
of fullerene molecules, the reaction between the car-
bon atoms and the metals atoms can be triggered to
form carbide after a certain milling time when the en-
ergy of the system has reached a critical level. It has
been proposed that the mechanical collisions between
the milling balls trigger the carbide forming reaction in
mechanical alloying Ti-C (graphite) system [9, 28].

The alloying process is therefore suggested to take
place in three steps: first, mixing of the powders by the
repeated fracture of the metal powder and fullerenes and
the cold-welding of the metal powder; subsequently, the
existence of metal atoms results in the destabilization
and decomposition of fullerene molecules; followed by
the reaction of metal with carbon to form carbide trig-
gered by the mechanical collisions in MA. The third
step can only take place in the systems with a large
heat of formation of the carbide.

4.2. Heat of formation of a carbide

A previous investigation of the mechanosynthesis of
a variety of carbides and silicides has shown that the
heat release on carbide formation is the most important
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TABLE IIT Formation heat of carbide of the elements in the present
study [30] (kJ/mol)

Ti \ Cr Mo w Mn
MC —92.17 —-54.13 - —10.03 —-20.64 -
M,C - - - —15.34 —8.78 -
M;C, - - -2195 - - -
M;C3 - - —22.78 - - —12.71
Mxp3Cs - - —19.65 - - —16.01
MA MA + HT
IVa Va Via Vila IVa Va Via Vila
Ti v Cr Mn Ti v Cr Mn
Yes No No No Yes Yes No No
Zr Nb Mo Te Zr Nb Mo Te
No No
Hf Ta w Re Hf Ta w Re
No No

the present study

Figure 8 Summary of the products fabricated in the present study.

factor in determining the structural evolution and final
product of mechanical alloying [28, 29]. Fig. 8 sum-
marizes the MA products in the present study. Carbide
formed directly during the MA process in the Ti-C sys-
tem, while the V-C system failed to form carbide during
MA but succeeded in the subsequent heating. However,
the other three M-C systems failed to form carbide even
after MA and subsequent heating.

Generally, the larger the heat of formation of the car-
bide the stronger the driving force for reaction. Table II1
summarizes heats of formation of the carbide of the
present elements [30]. The Ti-C system has the highest
heat of formation, followed by V-C system. The other
elements, Cr, Mo and W have relatively low heats of
formation of carbide. The relation between the product
and the heat of formation heat is clearly shown. How-
ever, it is difficult to estimate a critical heat of formation
above which the carbide will form during MA, since
this is strongly dependent upon the milling condition.
Previous research has shown that longer milling times
can lead to the gradual formation of carbides in certain
M-C systems with lower heats of formation such as the
W-C system.

4.3. Effect of the properties of metals

Besides the contribution of fullerene and the heat of
formation of the carbide, some other properties of met-
als also play important roles in the structural evolution
during MA and in the final products. Fig. 9 and Table IV
[31] summarize the outer electronic structure, crys-
talline structure, density, melting point and elastic mod-
ulus of the elements employed in the present study. The
electronic structures and the crystalline structures are
quite similar for the elements employed in the present
study, and are not considered to contribute to the sig-
nificant difference in the MA behavior. However, the

1234

TABLE IV Properties of the elements in the present study [31]

Ti v Cr Mo W Mn
Density (g/cm?) 451 6.11 7.19 102 19.3 743
Melting point (K) 1941 2173 2148 2883 3683 1518

Elastic modulus (GPa) 115.8 124-138 248.2 324.0 344.7 158.6

IVa Va Via Vila
12 i 24 25
Ti A Cr Mn
3d24s? 3d¥4s2 3d54s! 3d%4s2
hex bee bee.hex cubic
40 a1 42 43
Zr Nb Mo Te
442552 4d45s! 403555 4d°5s?
hex bee bee hex
the present study
T2 k] T4 75
Hf Ta W Re
arisdies? | dridsdiss? 4f145d46s2 aftdsdS6s?
hex bee bce hex

Figure 9 A collective illustration of the properties of the elements em-
ployed in the present study.

mechanical properties of the metals are thought to be
important. Ti has the lower melting temperature and
lowest elastic modulus, followed by V. The elastic mod-
ulus of Mn is a little larger than that of Ti and V, but
still of the same magnitude. However, Cr, Mo and W
possess much higher melting points and larger moduli
than the others (around double or more the values of Ti
and V). During milling, Ti and V powders are easy to
deform, fracture and coid weld to form fine microstruc-
tures with the carbon powders, which are favorable for
reaction. The mixing between the metals and carbon
are better than for the powders with higher moduli.

Furthermore, TiC, VC and WC possess the simplest
crystalline structure, in the present study. However, the
lattice structure of V,C is more complicated. Cr has
several forms of carbide, Cr3C,, Cr;C; and Cry3Csg,
of which the lattice structures are more complicated.
To form a carbide with a complicated lattice struc-
ture needs a longer time for the atoms to diffuse and
rearrange. However, this can not take place in MA
process, since the powders are under repeated deforma-
tion and fracture. The carbides with complicated crys-
talline structures are not kinetically favorable from this
structural viewpoint.

The discussion above shows that the carbide forma-
tion reaction is controlled by the structure and prop-
erties of not only fullerene, but the metallic elements
as well. The heat of formation of carbide determines
the driving force, while the reaction is controlled kinet-
ically by factors such as the mechanical properties of the
metals, the carbide lattice structure and the reactivity
of fullerene.

5. Concluding remarks

The present results have shown that fullerene has a
stronger reactivity with metals than graphite during
MA. The carbide formation heat plays an important



role in the mechanical alloying process as the driving
force for reaction. Higher heats of formation result in
the direct formation of carbide in Ti-C systems dur-
ing MA, and the formation of carbide after the sub-
sequent heating in V-C systems. In the systems with
lower carbide formation heat, a mixture of metal with
carbon is obtained; no carbide can be obtained even af-
ter heating the milled powders up to 973 K. Existence of
residual fullerene molecules was detected in the milled
W-fullerene and Mo-fullerene systems. It is suggested
that the existence of metal atoms leads to the destabi-
lization and destruction of the fullerene molecules and
therefore the formation of carbides. It is supposed that
the reaction is controlled kinetically by the reactivity of
fullerene, the mechanical properties of the metals and
carbide lattice structure.
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