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Abstract Boron ritride (BN) nanctubes have been produced from elemental boron pavder using a
new low-temperature process which invalves ball milli ng o boron pavder in anmonia gas at room
temperature, and foll owed by annealing at temperatures up to 1300°C in nitrogen ges. Ball milli ng
induces nitriding reactions between the boron pavder and the anmonia gas with the formation d a
disordered BN phase. BN nanctubes then grow out during the subsequent hea treament. This
novel processfor forming BN nanotubes is distinctly different from arc discharge and laser-heating
processes.

Introduction

Nanotubes with full erence-related structure were first foundin carbonin 1991[1], which
generates substantial research interests snce then. Later on, formation d nanotubuar structures
have dso been foundin severa other systems, i.e. MoS,[2], B,CN, [3] and BN [4]. BN nanctubes
are onsidered to be particularly promising for use in eledronic devices becaise of the speadal
semicondwcting property [5]. At the same time, several preparation methods for BN nanotubes
have been developed includng pasma arc discharge [4], laser ablation [6] and catalytic
decompasition[7]. Inthis paper a new synthesis methodis reported: room-temperature ball milli ng
tredment of elemental boron in ammonia gas is followed by anneding at a relatively low
temperature (up to 1300 ). The alvantages of the new method are (1) the starting materia is
elemental boron pavder instead of boron ntride; (2) the nanotubes are formed at significant low
temperatures and ntrogen gas presaures. Although hgh-energy ball milling hes been used to
produce alarge range of nanostructura materials, including nanocrystalline, nanoparticles and
nanocompasites, nanctubes, however, have nat previously been synthesized using thistechnique.
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Experimental Procedure

Crystali ne boron pavder with a high purity (> 99.8%) was used as the starting material and
anhydrous ammonia & the reacting gas. Ball milli ng processwas performed at room temperature
inavertica planetary ball mill (Uni-ball mill') [8] using herdened sted ball s with a diameter of 25.4
mm and a stainless s¢ed cdl. The cdl was |loaded with 4 grams of the boron povder together with
severd balls. The cdl was then puged with the anmonia gas svera times and a starting presaure
of 300 kPa was established before milling experiment. The presaure of the milling cdl was
monitored using an attached presaure gauge. Subsequent to milling, seleded powders were
anneded urder N, gas flow at temperatures up to 1300 €. The milled and anneded samples were
charaderized using various techniques. Structure of samples was investigated by means of X-ray
diffraction analysis (XRD) using Co radiation (A=0.1789nm) at room temperature. Contents of
light elements (H, N, and C) were measured using a ambustion elemental analyzer (Carlo Erba
1106. Iron concentration was examined by using X-ray energy dspersive spedroscopy (XEDS) in
a Jeol (JSM6400Q scanning eledron microscope. Transmisson eledron microscopy (TEM) was
performed using bah a Phili ps EM430(300KkV) and Jeol 2000instruments.

Results and Discussion

Fig. 1 shows atypicd pressure change of the milling chamber during milling. The initia
presaure deaeases from 300 to 190KPa during the first 36 hous of milling, and then gradually

increases again duing further milling. A stable presaure of 315kPais established after 150 houis
of milling.
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Fig.1 Presare changes during milling d boron pavder in ammonia gas

The final presaureis higher than the initial ammonia presaure. Similar presaure dhanges have been
observed duing ball milling d some metal powders (Ti and Zr ) in anmonia gas [9, 10. It is
foundthat the presaure reduction at the first stage of milling is due to absorption d ammonia gas
onto baon particle surfaces newly created by kell impads. The rise of presaure during further
milling results from nitridation o boron by NH, with the release of hydrogen gas. Inded,
combustion analysis shows that the 150hmilled sample cntains abou 10.1wt.% of nitrogen, while
only 0.9wt. %, confirming nitridation d boron byNH..
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The XRD pattern taken from a sample dter 150 hr of millingis sxownin Fig. 2a. Wee and
broad dffradion peaks of unreaded baon suggest a nanocrystalli ne structure (crystallit es < 50 nm
in size). A new ped& at abou 25 cegrees reveals a newly formed nitride phase which is either
amorphots or consists of extremely small, highly disordered crystalites. The BN phase was found
by TEM after a heat tregment at 1300 T for 6 housin flowing Ar gas. A thin layer of BN with a
thicknessof abou 10 nm was observed onthe surface of B particles.

The 150hmilled sample was heated at 1300T for 6 housin flowing N,. The XRD pattern
obtained from the sample dter annealing is siown in Fig. 2b. Presence of a dominant hexagonal
BN phase and an iron baide (Fe,,,B,...) phase suggests a complete nitridation d the residual
boron, and transformation d the disordered BN phase to a well ordered hexagoral BN phase, as
well asformation d theiron baide during heaing. The iron contamination comes from abrasion o
the sted ball and the milling container at an average content of 5 wt. % as approximately
determined by XEDS.
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Fig. 2 (a) X-ray diffraction pattern taken from aboron sample dter milling for 150 hr in ammonia,
(b) X-ray diffradion pattern for the 150hr mill ed sample subsequently anneded at 1300C

for 6 hrin N,. o: hexagoral BN, +: Fe, B, ...

Fig. 3shows atypicd TEM micrograph taken from the 15Ch-milled sample dter heating at
1300 T for 6 housin nitrogen flow. A group d BN tubes growing from BN powdersis observed.
These tubes have a multi-wall structure with an ouer diameter varying from 20 to 100 nm.
Althoughthe interna structure is much complicated, the tubuar structure can still be observed with
the wall thicknessbetween 5and 10nm. Microdiffradion was taken from the wall areaof these
nanotubes and reveds a dharaderistic orientation and spadng d basal plane (002 of hexagona
BN. Seleded areadiffraction aso reveds a hexagoral BN structure in neighbaing particles, in
agreement with the XRD analysis.

Fig. 4shows a g/lindricd tube with the wall thicknessof abou 20 nm. Some crosscutting
structures are observed at the end d the tube. A metal particleis clearly observed at the tip of the
tube. Microdiffradionrevedsthat it isaniron particle. It seemsthat theiron particle has catalyzed
the growth of the tube. The catayst effed of metal particles on the formation d nanotubes has
been olserved previously in ather methods [11].
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Fig.3 TEM micrograph for the 150hr milled B sample dter Fig.4 TEM micrographe of aBN
hedaingat 1300CT for 6 hous showingagroup d BN nanctube in the 150h-milled B
nanotubes sample dter heaing (1300C/ 6 hr)

The @ove results clearly demonstrate that a high number of BN nanotubes can be produced
from alow-temperature aaneding d aball-milled baon samplein ntrogen gas. However, withou
ball milli ng tregment, dired elementary readion ketween baon and ntrogen occurs only a a
considerably higher temperature (above 1500 T) and undx a high pesare (>2 GPa) [12].
Nanotubes have not been foundin the end product. Therefore, high-energy kall milli ng at room
temperature has an essential role for the formation o nanotubes at low temperatures. The low
reaction/formation temperature gpeas to be due to the metastable, chemicdly adivated
nanostructure of ball mill ed samples. This metastable nanostructure consists of a disordered BN
and a nanocrystalline B phases. The highly disordered BN phase is produced from the
medanochemicd reaction between boron pavder and anmonia gas as reveded by bah XRD and
the presaure changes. This metastable BN phase might serve @& seels for nanctube formation.
Nanosized baon particles produced by extended bell milli ng have ahigh level of micro-strain and a
high density of structural defeds sich as grain bourdaries, as suggested by the XRD patterns,
leading to a system with increased free-energy. Iron particles dispersed within the boron pavder
can enhance the nitridation reaction by reducing reaction temperature and increasing reaction
kinetics, as been reported previously [13, 14. Hence, when the milled samples consisting o
mixtures of nanosized baon, metastable BN and iron particles heded in the presence of nitrogen
gas, nanasized boron particles react easily with nitrogen gas at temperatures much below the normal
temperatures withou milling treagment. This sgnificant low readion temperature gpeasto be an
important fador for the formation d BN nanotubes rather than microsized particles.

The formation temperature of BN nanctube foll owing reactive ball milli ng is much lower
compared with other production techniques. In the cae of arc discharge, BN nanctubes are
probably formed during codling d the B-N plasma from a temperature of at leasst 3700 T [4].
Laser heding leads to a higher temperature of abou 500K [6]. At these low anneaing
temperatures, two-dimensional structures including sheds and tubes might be favored. This
suggests that BN nanotubes appear to be formed duing a non-equili brium growth process
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Summary

Boron ntride nanotubese are produced from boron pavders at significant low temperatures
following a bal milli ng treagment in ammonia gas at room temperature. Ball milli ng induces a
partial nitridation reaction (B + NH_--> BN (disordered) + H,(gas)) and nanosized B particles. The
subsequent thermal anneding leads to formation d BN nanotubes with dameters varying from 20
to 100nm probably via two reactions: the nitridation d residual B powder (B + N, --> hexagorsal-
BN (powders + filaments)) and the reaystalization o pre-formed dsordered BN phases are
represented as follows (BN (disordered) --> hex-BN (filaments)).
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