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ABSTRACT Both carbon and baon ritride (BN) nanotubes have been produced by first ball
milli ng of graphite and baon ritride powders at room temperature and then by isothermal anneding
at temperatures lessthan 1500°C. Ball milli ng creaes the nuclei for nanotubes and the subsequent
isothermal anneding is resporsible for nanctube growth. Becaise the aaneding temperatures are
far below the melting points of both graphite and baon ritride, there ae no vapor phases during the
growth process In contrast, x-ray diffradion and transmisson eledron microscopy reved that the
nanctubes grow from the ball mill ed pownder clusters via solid-state aystal growth.

I ntroduction

At the ISMANAMO98 meding, we reported for the first time the succesdul production o
cabon and baon ntride nanctubes by a new synthesis method invalving high-energy ball milli ng
and a therma anneding treament [1, 4. The BN nanctubes were produced by anneding, in
nitrogen gas, elemental boron powders which were previously milled in anmonia gas at room
temperature[1, 3. Inthe cae of cabon rancotubes, bundes of single-wall nanctubes were foundin
graphite samples after ball milli ng and heding treagments. Recantly, we foundthat BN nanctubes
also can be produced from a BN compound ly a similar process [4]. In this mechano-thermal
process ball milli ng is an esential tregment, since no nanctubes were obtained by a dired heding.
Also, nanotubes were not foundin the a-milled samples. Therefore, the bal milli ng appeas to
crede nanctube nucledion and the subsequent anneding thermally adivates the nanctube growth.
It is interesting to mention that the anneding temperatures (lessthan 1500°C) at which nanctubes
are formed are far below the melting/sublimation pants for both graphite (3652 °C) and baon
nitride (3000°C). This suggests that no vapour phase is present during hea treament. Hence,
nanotubes probably grow by a solid state processrather than condensation from a vapou phase, the
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latter being the mmmon mechanism invalved in, for example, the ac discharge and laser-ablation
methods [5-7]. Therefore, a new mechanism seems to be resporsible for the nanctube formation in
the medchano-thermal process

Experimental procedure

Crystalli ne graphite (99.8%) and baon ritride powders (> 98%, 1 um) were used as the
starting materials. Ball milli ng experiments were performed at room temperature in a verticd
planetary ball mill (Uni-ball mill') [8] using hardened sted ball s with a diameter of 25.4mm and a
stainless $ed container. The mntainer was loaded with 3 a 4 grams of powders together with four
bals. The cdl was then puged with the nitrogen or argon gases ®vera times and a starting
pressure of abou 300 kPa was establi shed before eab milli ng experiment. The mill ed samples were
unloaded in a glove box under Ar atmosphere to prevent oxidation. Hea treadments were
condwted under a N, gas flow at temperatures up to 1400 T in a tube furnace Milled and
anneded samples were dharaderized using various analyzing techniques. Crystalli ne structure of
samples was investigated by means of X-ray diffradion analysis (XRD) using Co radiation
(A=0.1789nm) at room temperature. Transmisson eledron microscopy (TEM) was performed
using Phili ps EM430 (300kV) and JEOL 2000instruments. Contents of light elements (H, N, and
C) were measured using a cmbustion elemental andyzer (Carlo Erba 1106. The iron
concentration was examined by using X-ray energy dispersive spedroscopy (XEDS) in a JEOL
(JISM6400 scanning eledron microscope and the Phili ps TEM.

Results and discussion
1. Carbonnanatubes

Fig. 1 shows a TEM micrograph taken
from a graphite sample which was first ball
milled for 150 hr and subsequently heaed at
1400°C for 6 hr. Several multi-wall carbon
tubes growing from cabon pavders are
clealy observed. The hdlow tubes have an
outer diameter of abou 50 nm and inner
diameter of 30 nm. The relatively short
length of the tubes (abou100m) suggests an
ealy stage of the growth. Several metal
particles are observed at the tips of some
nanotubes. As reveded by XEDS in TEM,
these particles are Fe @ntamination with
minor  Cr, Ni, and Mo contents,
correspondng to the @mposition d the
stainlesssted milling container. The
diameter of the metal particles is close to the
outer diameter of the cabon tubes, thus
showing typicd metal caayzed formation, as

reported by various athars [6, 7. These Figure 1. TEM micrograph for the graphite

metal particles are believed na only to Pelp 16 firgt milled for 150 hr and subsequentl
in the formation d curved graphene layers at et heatled at 1400°C for 6 H.bseq y

the nucledion stage of the nanctube growth,
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but also to prevent tube dosure by moving out with thetip [9, 1J. At the bottom of the nanctubes,
nanasized graphite layers and hdlow cdls, which are the source of carbon atoms during the tube
growth, are dso observed. This sample has a nanctube yield of abou 10% estimated from TEM
pictures. We foundthat the nanctube production depends on bah milling and heaing condtions.
A higher yield shoud be obtained after optimization.

New and dfferent growth medanisms are invalved in the medhano-thermal process One
of them is the cabon atom source for nanctube formation. In bah chemicd decmpaosition d
hydrocarbon gases and arc discharge/laser ablation methods, the cabon vaepor which is produced
serves as the hot cabon atom source  Fig. 2a schematicdly ill ustrates the growth mechanism
propcsed for the cabon nanotubes/fibers formed by vapor phase deposition [10]. Carbon atoms
from the vapor phase ae suppacsed to dswlve in the cdalytic metal particle & high temperatures,
and then predpitate & the other end o the filament because of the temperature gradient acossthe
caayst. However, in the cae of the medhano-therma process the cabon atoms come from the
cabon particles at the base of the tubes, asill ustrated in Fig. 2b. It is worth to mentioning that this
growth mechanism is not the only one for the nanctubes formed. As a matter of fad, nanctubes
withou containing metal particles are dso observed in the same sample. Nevertheless a new solid-
state growth processof nanctubesis clealy demonstrated.

cC C
substrate C particles
(a (b)

Figure 2. Schematic illustration d the growth medhanism proposed for carbon nanotubes
produced by vapor depaosition [10] (a) and soli d-state diffusion (b).

2. Boron ntride nanctubes

Fig. 3 shows a typicd TEM picture of a BN sample first ball milled for 140 Ir and then
followed by anneding at 1200 °C for 10 Ir in a nitrogen flow. Two cylindricd nanotubes are
observed with an ouer diameter of abou 11 nm and an inner diameter of 3 nm. The TEM
micrograph clealy indicaes the growth o nanotubes from the neaby BN clusters.
Microdiffradion analyses reved multil ayers of BN (002 planes in the walls of the tubes and a
typicd hexagonal BN structure on the neighbaring particles. Structure dhanges of the initial BN
samples after milling and hedaing can be seen from the XRD patterns shown in Fig. 4. The XRD
analysis suggests that a very small fradion d the initial hexagonal BN compoundretain its original
structure, most of the powders being disordered after 140 hr of milling at room temperature. In Fig.
4a, the pattern for the BN sample milled for 140 Ir hastwo broadened pe&ks( and ), which are
asciated with a disordered (turbostratic) BN structure. Ancther two weak peeks are most likely
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contributed by the milling contaminations from the milling balls ( -Fe) and the milling container
(stainless $ed Fe-C). XEDS reveded that the average iron content in the sample was abou 3.8
wt.%. Fig. 4bshows that the hexagonal BN structure recovers after the hea treament at 1200°C
for 10 hr in nitrogen gas flow. Thus, a reordering of the disordered BN turbostratic structure has
occurred duing the hea treament. A differential thermal analysis deteded no significant thermal
readion, which might suggest that only gradual reordering and grain growth took gace during
heaing. The pronourced -Fe and Fe-C pe&ks in Fig. 4b further confirm the presence of the Fe
milling contaminant. It is worth to mentioning that the Fe particles ssem to be stable during the
hea treament, sinceno aher iron phases are observed in the sample. It can therefore be amncluded

Figure3 TEM micrograph o aBN sample dter 140 hr of milli ng and subsequent heding at
1200°C for 10hr in N,

Figure 4 XRD patterns taken from the BN sample dter ball milli ng for 140 hr (a), and subsequently
heaing for 10 hr at 1200°C (b). +: hex-BN, ,and :turbostratic BN, O: -Fe, *: stainless $ed.
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that ball milli ng creaes a transformation from crystalline BN hexagonal structure to a disordered
turbostratic phase, and thermal anneding reverses this transformation. It is during this later process
that nanotubes are formed. Furthermore, no chemicd readions between BN and Fe(or Fe-C ) took
placeduring the heding treament.

Summary

Carbon and baon ritride nanotubes were produced by ball milli ng of graphite and baon ritride
powders respedively and subsequent isothermal anneding. The anneding temperatures were far
below the melting\sublimation temperatures of BN and graphite. Therefore, no vapor phase exists
during the growth process It isfoundthat nanotubes nucleae in the nanosized dsordered structure
creaed by high-energy ball milli ng and then grow out from the parent base through reordering and
crystal growth.
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