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ABSTRACT  Both carbon and boron nitride (BN) nanotubes have been produced by first ball
milli ng of graphite and boron nitride powders at room temperature and then by isothermal annealing
at temperatures less than 1500 oC.  Ball milli ng creates the nuclei for nanotubes and the subsequent
isothermal annealing is responsible for nanotube growth.  Because the annealing temperatures are
far below the melting points of both graphite and boron nitride, there are no vapor phases during the
growth process.  In contrast, x-ray diffraction and transmission electron microscopy reveal that the
nanotubes grow from the ball mill ed powder clusters via solid-state crystal growth.

Introduction

At the ISMANAM98 meeting, we reported for the first time the successful production of
carbon and boron nitride nanotubes by a new synthesis method involving high-energy ball milli ng
and a thermal annealing treatment [1, 2].  The BN nanotubes were produced by annealing, in
nitrogen gas, elemental boron powders which were previously milled in ammonia gas at room
temperature [1, 3].  In the case of carbon nanotubes, bundles of single-wall nanotubes were found in
graphite samples after ball milli ng and heating treatments.  Recently, we found that BN nanotubes
also can be produced from a BN compound by a similar process [4].  In this mechano-thermal
process, ball milli ng is an essential treatment, since no nanotubes were obtained by a direct heating.
Also, nanotubes were not found in the as-milled samples.  Therefore, the ball milli ng appears to
create nanotube nucleation and the subsequent annealing thermally activates the nanotube growth.
It is interesting to mention that the annealing temperatures (less than 1500 oC) at which nanotubes
are formed are far below the melting/sublimation points for both graphite (3652 oC) and boron
nitride (3000 oC).  This suggests that no vapour phase is present during heat treatment.  Hence,
nanotubes probably grow by a solid state process rather than condensation from a vapour phase, the
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latter being the common mechanism involved in, for example, the arc discharge and laser-ablation
methods [5-7].  Therefore, a new mechanism seems to be responsible for the nanotube formation in
the mechano-thermal process.

Experimental procedure

Crystalli ne graphite (99.8%) and boron nitride powders (> 98%, 1 � m) were used as the
starting materials.  Ball milli ng experiments were performed at room temperature in a vertical
planetary ball mill (Uni-ball mill ) [8] using hardened steel balls with a diameter of 25.4 mm and a
stainless steel container.  The container was loaded with 3 or 4 grams of powders together with four
balls.  The cell was then purged with the nitrogen or argon gases several times and a starting
pressure of about 300 kPa was established before each milli ng experiment. The milled samples were
unloaded in a glove box under Ar atmosphere to prevent oxidation.  Heat treatments were
conducted under a N2 gas flow at temperatures up to 1400 °C in a tube furnace.  Mill ed and
annealed samples were characterized using various analyzing techniques.  Crystalli ne structure of
samples was investigated by means of X-ray diffraction analysis (XRD) using Co radiation
( � =0.1789 nm) at room temperature.  Transmission electron microscopy (TEM) was performed
using Phili ps EM430 (300kV) and JEOL 2000 instruments.  Contents of light elements (H, N, and
C) were measured using a combustion elemental analyzer (Carlo Erba 1106).  The iron
concentration was examined by using X-ray energy dispersive spectroscopy (XEDS) in a JEOL
(JSM6400) scanning electron microscope and the Phili ps TEM.

Results and discussion

1. Carbon nanotubes

Fig. 1 shows a TEM micrograph taken
from a graphite sample which was first ball
milled for 150 hr and subsequently heated at
1400 oC for 6 hr.  Several multi -wall carbon
tubes growing from carbon powders are
clearly observed.  The hollow tubes have an
outer diameter of about 50 nm and inner
diameter of 30 nm.  The relatively short
length of the tubes (about100nm) suggests an
early stage of the growth.  Several metal
particles are observed at the tips of some
nanotubes.  As revealed by XEDS in TEM,
these particles are Fe contamination with
minor Cr, Ni, and Mo contents,
corresponding to the composition of the
stainless-steel milli ng container.  The
diameter of the metal particles is close to the
outer diameter of the carbon tubes, thus
showing typical metal catalyzed formation, as
reported by various authors [6, 7].  These
metal particles are believed not only to help
in the formation of curved graphene layers at
the nucleation stage of the nanotube growth,

Figure 1.  TEM micrograph for the graphite
sample first milled for 150 hr and subsequently

heated at 1400 oC for 6 hr.
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but also to prevent tube closure by moving out with the tip [9, 10].  At the bottom of the nanotubes,
nanosized graphite layers and hollow cells, which are the source of carbon atoms during the tube
growth, are also observed.  This sample has a nanotube yield of about 10% estimated from TEM
pictures.  We found that the nanotube production depends on both milli ng and heating conditions.
A higher yield should be obtained after optimization.

New and different growth mechanisms are involved in the mechano-thermal process.  One
of them is the carbon atom source for nanotube formation.  In both chemical decomposition of
hydrocarbon gases and arc discharge/laser ablation methods, the carbon vapor which is produced
serves as the hot carbon atom source.  Fig. 2a schematically ill ustrates the growth mechanism
proposed for the carbon nanotubes/fibers formed by vapor phase deposition [10].  Carbon atoms
from the vapor phase are supposed to dissolve in the catalytic metal particle at high temperatures,
and then precipitate at the other end of the filament because of the temperature gradient across the
catalyst.  However, in the case of the mechano-thermal process, the carbon atoms come from the
carbon particles at the base of the tubes, as ill ustrated in Fig. 2b.  It is worth to mentioning that this
growth mechanism is not the only one for the nanotubes formed.  As a matter of fact, nanotubes
without containing metal particles are also observed in the same sample.  Nevertheless, a new solid-
state growth process of nanotubes is clearly demonstrated.

(a) (b)

Figure 2.  Schematic ill ustration of the growth mechanism proposed for carbon nanotubes
produced by vapor deposition [10] (a) and solid-state diffusion (b).

2. Boron nitride nanotubes

Fig. 3 shows a typical TEM picture of a BN sample first ball mill ed for 140 hr and then
followed by annealing at 1200 oC for 10 hr in a nitrogen flow.  Two cylindrical nanotubes are
observed with an outer diameter of about 11 nm and an inner diameter of 3 nm.  The TEM
micrograph clearly indicates the growth of nanotubes from the nearby BN clusters.
Microdiffraction analyses reveal multil ayers of BN (002) planes in the walls of the tubes and a
typical hexagonal BN structure on the neighboring particles.  Structure changes of the initial BN
samples after milli ng and heating can be seen from the XRD patterns shown in Fig. 4.  The XRD
analysis suggests that a very small fraction of the initial hexagonal BN compound retain its original
structure, most of the powders being disordered after 140 hr of milli ng at room temperature.  In Fig.
4a, the pattern for the BN sample milled for 140 hr has two broadened peaks ( ���  and �
	 ), which are
associated with a disordered (turbostratic) BN structure.  Another two weak peaks are most likely
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contributed by the milli ng contaminations from the milli ng balls ( � -Fe) and the milli ng container
(stainless steel Fe-C).  XEDS revealed that the average iron content in the sample was about 3.8
wt.%.  Fig. 4b shows that the hexagonal BN structure recovers after the heat treatment at 1200 oC
for 10 hr in nitrogen gas flow.  Thus, a reordering of the disordered BN turbostratic structure has
occurred during the heat treatment.  A differential thermal analysis detected no significant thermal
reaction, which might suggest that only gradual reordering and grain growth took place during
heating.   The pronounced � -Fe and Fe-C peaks in Fig. 4b further confirm the presence of the Fe
milli ng contaminant.   It is worth to mentioning that the Fe particles seem to be stable during the
heat treatment, since no other iron phases are observed in the sample.  It can therefore be concluded

Figure 3  TEM micrograph of a BN sample after 140 hr of milli ng and subsequent heating at
1200oC for 10hr in N2

Figure 4  XRD patterns taken from the BN sample after ball milli ng for 140 hr (a), and subsequently
heating for 10 hr at 1200 oC (b). +: hex-BN, ��
 ,and �
� : turbostratic BN, O: � -Fe, *: stainless steel.
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that ball milli ng creates a transformation from crystalli ne BN hexagonal structure to a disordered
turbostratic phase, and thermal annealing reverses this transformation.  It is during this later process
that nanotubes are formed.  Furthermore, no chemical reactions between BN and Fe(or Fe-C ) took
place during the heating treatment.

Summary

Carbon and boron nitride nanotubes were produced by ball milli ng of graphite and boron nitride
powders respectively and subsequent isothermal annealing. The annealing temperatures were far
below the melting\sublimation temperatures of BN and graphite.  Therefore, no vapor phase exists
during the growth process.  It is found that nanotubes nucleate in the nanosized disordered structure
created by high-energy ball milli ng and then grow out from the parent base through reordering and
crystal growth.

Acknowledgments

Authors thank the Australian Research Council for the partial financial support.

References

[1] Y. Chen, J. Fitz Gerald, J.S. Willi ams and P. Willi s, Mater. Sci. Forum, 312-314 (1999)
173.

[2] Y. Chen, J. Fitz Gerald, L.T. Chadderton and L. Chaffron, Mater. Sci. Forum, 312-314
(1999) 375.

[3] Y. Chen, J. Fitz Gerald, J.S. Willi ams and S. Bulcock, Chem. Phys. Lett. 299(1999) 260.
[4] Y. Chen, L.T. Chadderton, J. Fitz Gerald, and J. S. Willi ams, Appl. Phys. Lett. 74(20)

(1999) 2960.
[5] S. Iijima, Mater. Sci. Engin, B19 (1993) 172.
[6] G.G. Tibbetts, J. Crystal Growth, 66(1984) 632.
[7] A. Oberlin, M. Endo, T. Koyama, J. Crystal Growth, 32 (1976) 335.
[8] Y. Chen, T. Halstead and J.S. Willi ams, Mater. Sci. Engin. A206 (1996) 24.
[9] T. Guo, P. Nikolaev, A. Thess, D.T. Colbert and R.E. Smalley, Chem. Phys. Lett. 243

(1995) 49.
[10] A. Oberlin, M. Endo and T. Koyama, J. Cryst. Growth, 32 (1976) 335.


