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Very  recently  hallow  cylindrical
nanostructures were detected by us in a powder-
like product consisting of partly X-ray amorphous
rhombohedral boron carbide, B4C, that was
synthesized at low temperature of nanodispersed
boron and carbon powders. It was established that
the nanotubes and their molecular aggregates are
present in powder-like B,C along with filamentous
nanostructures and nanodispersed particles. Since
the filamentous product principally might be
formed of gas-phase reagents only, it has been
supposed that the growth of the boron carbide
nanostructures takes place on a local high
temperature nanocentre, which appears due to the
exoeffect of reaction between boron and carbon
atoms. Despite the low initial equilibrium pressure
of boron and, especially, carbon vapors the self
acceleration of B,C formation reaction is realized
as a result of the equilibrium shift during the
linking of vaporous carbon and boron and
uninterruptedly increasing the local warming up of
the reagents owing to the reaction exoeffeet.
Consequently, in difference to the exo- during the
endo processes the formation of filamentous
crystals is not quite envisaged from the discussed
point of view. However the most of endothermie
processes are complex and multiple staged in
which separate intermediate stages respecting
exothermic reactions are considered as being no
limiting. But, since the product at the endothermic
processes are formed, as a rule, under, realizing of
the very no limiting but exothermic reaction then
its formation in the shape of filamentous
nanostructures is quite possible. Obtaining of
filamentous products at such endothermic
processes as carbonthermal oxides reduction, on
the other hand, can be an important argument in
favor of the gas-phase but not solid-state-phase
(heterphase) route of their realization. In particular,
obtaining of rhombohedral boron carbide in the
process of high temperature (¢G = 0 at 1556 °C)
carbon thermal reduction of boron oxide

2B,0;+7C=B4C+6CO €]
is realized, according to common consideration,
following the route

2B,0;+6C=4B+6CO 2)

4B+C=B,C 3)
in which, as it is seen an intermediate stage is also
envisaged. This stage respects to the exothermic
reaction of interaction between boron and carbon.
When this route of reaction (1) realization is
truthful, the product due to interaction between
boron and carbon atoms could be formed in the
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shape of filamentous crystals and in the shape of
hollow B4C nanostructures as well. In hetergenous-
heterphase processes, such as boron and carbon
thermal oxide reduction [1, 2], the product inherits
morphology of carbon reagent as a result, actually,
the gas-transport reaction.

In this report results of rhombohedral

boron carbide B4C nanotubes synthesis study are
presented for the first time. Peculiarities of their
formation under condition of boron oxide
reduction reaction realization by carbon are
discussed. The main feature of the carried out
investigation consist in that as a reducing agent
was used activated carbon filament (ACF) with
nano- and mesopores (with specific surface area
more 1042 m?/g) that facilitated to the creation of
extremely large surface area of the inter phase
contact in this heterphase reaction. Glassy B,O;,
which is always taken in the excess, saturates
mesoporous ACF and, as if, totally wetting it. Thus
a network formed of randomly oriented BO;
groups coexists with the disordered carbon
network.
Through variation of initial reagents ratio,
synthesis temperature, heating rate and duration of
heating modes for obtaining of a monophase
filament product were optimized. Structure of the
polycrystol carbon filaments according observation
by means of optical and electron (JEOL,
Superprobe 733) microscopy significantly depends
on its formation conditions. Carbon-boron
filament, obtained at temperature 2000°C in the
atmosphere of argon, though fall apart into large
agglomerates of B,C particles (Fig. 1 c¢), but
morphology of latter gives no doubts that, as their
precursor has been ACF. Under milder synthesis
condition carbon-boron filaments with strong
bonded double refraction crystallites are formed
what rather unusual is that. Diameter of such
filaments is noticeably smaller than that of the
initial ACF. However the most important is that
one of highly oriented in transparent light)
filaments  consist of cylindrical  hollow
nanostructures diameter of which is no more than
15 nm (Fig. 1 ¢).

In addition to the nanotubes filaments
comprise their molecular aggregates or perhaps
novel morphologies (Fig. 2) that are relevant to
boron carbide only. It is worth noticing that
nanostructures with similar morphologies were
defected by us earlier in boron carbide synthesized
of gaseous boron and carbon. The tops boron
carbides nanotubes, as can be seen in many images



(Fig. 2b) do not contain any, in particular, metal
containing inclusions. It is to be noted that X-ray
patterns of highly oriented B4C filament (Fig. 1)
significantly differs from those of powder-like
B4C. Mechanisms of nanostructures and
polycrystalline B4C particles formation at the same
process is likely to be drastically different that
leads to exposition of different the growth planes.
It is reasonable here to note that effect of rather
noticeable texturing of powder-like substances had
been developed by us [3] earlier by means only of
high intensity dispergation of their polycrystalline
particles. It is undoubtedly that such original
results require unordinary imagination not only of
filamentous boron carbide formation mechanism
but
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also of nucleation and growth of their hollow
nanostructures.

It is likely that filamentous B4C crystals
are formed not at stage (3) but as a result of
reaction
5B,C; +15C=[10B + 15 CO] =2 B,C + B,O, +
13 CO 4)
in which substances, as if formed at stage (3), are
not intermediate but are in composition of an
active complex. At the start moment of the
reduction process C — C and B — O bonds breaking
with CO eliminating is accompanied with the
formation of new B — B bonds in glassy B,O;
structure. Filaments noticeably decrease in
diameter when shrinked due to lessening of carbon
content in them and shortening of bonds length in
the glassy frame.

c

Fig.1 X-ray patterns of polycrystalline (a) and filamentous (b) boron carbide and also SEM of initial ACF,

B4C samples with different morphology (¢).

Fig2. TEM images of nanotubes

(a)

433

agglomerates

and  their = molecular (b).
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CoBceM HEIaBHO HaMU ObLIIA
OOHapy KEeHBI ToJIbIe [MJIHHAPUIECKHUE
HAHOCTPYKTYPBI B MOPOIIKOOOPa3HOM MPOAYKTE,
COCTOSIIEM W3 YacTHYHO PEHTTeHOaMOpP(HHOTo
pomOo3npuyeckoro  kapbuma  Oopa  B4C,
HU3KOTEMIEPATypPHBIH CHHTE3 KOTOPOTO  OBLI
OCYIIECTBICH W3 HAHOIUCIIEPCHBIX TOPOIIKOB
O6opa u yriepoxa. bBwuto ycraHoBneHo, dTO
HAaHOTPYOKM ¥ WX MOJICKYJISIPHBIE arperarsl
MIPUCYTCTBYIOT B mopoinkooopasnoM B4C Hapsaxy
c HUTEBUIHBIMU HaHOCTPYKTypamu U
HAHOMHMCIEPCHBIMU  4acTHUaMu.  [lockoibky
HUTEBHIHBIH TIPOAYKT B TPHHIUIE MOXKET
¢dopmupoBaThcI ~ TONBKO M3  ra3oasHbIX
peareHToB, OBUIO BBICKa3aHO IIPEIIIOJIOKEHUE,
9TO  pPOCT HAHOCTPYKTYp Kapbuma  Oopa
OCYIIECTBIISIETCS.  HAa  JIOKAJbHOM  BBICOKO-
TEeMIIepaTypHOM HAHOIIEHTpPE, KOTOPBIN cO3aeTcs
3a cyeT IK30-3((eKTa peaKkuuu MeXIy aToMaMu
O6opa wu yraepoma. Hecmorps Ha HuH3KOe
HavalbHOE PaBHOBECHOE JaBJICHWE MapoB Oopa H,
0COOEHHO, Yriepoja CaMOYCKOPEHHE peaKIuH
obpazoBanus B4C ocyrmiecTBiseTcs B pe3yIbTaTe
CMEUICHUS  PaBHOBECHS  MNPH  CBS3BIBAHUU
napooOpasHbIX Oopa W yriepoja M HENpPephIBHO
BO3POCTAIOIIETO JIOKaJILHOTO pasorpesa
peareHTOB 3a cYeT 0JK30-3QQeKTa peakiuH.
CrnenoBaTenbHO, B OTJIMYHME OT 3K30-, B DHJO-
nporeccax (bopmupoBanue HHUTEBHHBIX
KPHCTAJUIOB C PacCMaTPHBAEMbIX IPE/ICTAaBICHHH,
kak Obpl, He mpenycmarpuBaercs. OmgHaKo
OONBIIMHCTBO ~ JHAOTEPMHYECKUX  IPOILIECCOB
ABIAIOTCA CIOKHBIMA W MHOTOCTAIWHHBIMHU, B
KOTOPBIX OT/AENbHbIE TPOMEKYTOUYHBIE CTaJHH,
OTBEYAIOIIME  DK30TEPMUYECKHUM  PEaKIHsM,
paccMaTpuBalOTCS Kak HemuMutupyromme. Ho
MOCKOJILKY ~ TPOXYKT B JHIOTEPMHYECKHX
mporeccax oOpasyercsi, Kak MpaBWio, MpH
OCYIIECTBJICHUH HMEHHO HEIMMUTHPYIOIIECH, HO
9K30-TEPMHUUECKOH peakuuu, To (GopMHpOBaHUE
€ro B BHJEC HUTEBHIHBIX HAHOCTPYKTYP SIBISETCS
BIIOJTHE BO3MOXHBIM. [loylydyeHHEe HUTEBUIHOTO
IPOIYKTa B TaKUX SHIOTEPMHUYECKUX Mpoleccax,
KaK YTJIETepMUYECKOE BOCCTAHOBJICHUE OKCHIIOB,
MOXeET OBbITb, C JAPYrOH CTOPOHBI, Ba)XKHBIM
apryMeHTOM B TMOJB3y ra3oasHoro, a He
TBprodazHoro (wiu rerepodasHoOro) MapupyTa
UX ocymecTBieHus. B wacTHocTH, monyueHue
poMOo3pryeckoro kapbuma Oopa B mpolecce
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BeicoKoTemIeparypaoro (A(G= 0 npu 1556°C)
YTIACTEPMHUYECKOTO BOCCTAHOBJICHHS OKCHUIa Oopa
2B,0; +7C =B4C +6 CO (1),
OCYIIECTBIISIETCS, KaK IPUHATO CUYUTATh, IO CXEME

2B,0; +6C =4B +6CO 2),

4B +C=B,C 3),
B KOTODOIi, Kak BUIHO, TaKxXe
MpeycMaTpuBaeTcsl MpoMexyTounas craaus (3),
OTBEYaroIas 9K30TEepPMUYECKON peakiuu
B3aUMOJEHUCTBUSL MEXIy OOpOM H YIJICPOIOM.
IIpn  copaBemnMBOCTM  Takoro  Mapuipyra

ocymiecTBiIeHusT peakmuu (1) MpomyKT 3a CYET
B3aMIMOJCHUCTBUS MEXIy aroMaMH Oopa H
yriaepoma, MoxeT (OPMHUpPOBAaTBCS B BHUIE
HUTEBUIHBIX KPHUCTAJUIOB, B TOM 4YHCJIE, U B
¢dopme  mombix  HaHocTpykryp B.C. B
reTepOreHHO-TeTepOo(a3HBIX MPOIECccax, TaKUX
Kak 0op- W yrJIeTepMHYECKOEe BOCCTAaHOBJICHHE
okcuzioB [1,2], mpoayKT HacleayeT Mop(hOIOTHIO

YTJIEPOTHOTO peareHra B pesyJbTare
OCYIIECTBJICHHS, IO CYTH, Ta30TPAHCIOPTHOM
peaKIuu.

B  macrosmiem  cooOmienun — OynmyT

BIIEPBBIC TPE/CTABJICHBl PE3yNbTATHl U3YUCHHUS
CHHTE3a HAHOTPYOOK pOMOO3IpUUIECKOTO KapOuga
oopa B4sC wu o0OCyXaeHBI O0OCOOEHHOCTH WX
(GbopMHpOBaHMS B YCIOBHUSAX OCYIICCTBICHUS

peaKkiud  BOCCTAHOBIICHHUS okcuga  Oopa
yIJIEPOAOM.
I'maBHas  OCOOCHHOCTH  MPOBOJUMOTO

WCCIIEJIOBAaHUSI COCTOMT B TOM, YTO B KadecTBe
BOCCTAHOBHUTENS HCIOJIB30BAaHO aKTHUBHPOBAHHOE
yriaeponHoe BonokHO (AYB) ¢ HaHo- m
Me3omnopaMu (C YIelbHOW TOBEPXHOCTBIO Oolee
1040M°\r), d9TO  CIOCOGCTBOBAIO — CO3IAHHIO
YpE3BBIYAWHO  OOJIBINOWH MTOBEPXHOCTH
MeX(a3HOr0 KOHTAaKTa B NaHHOW rerepodasHou
peaknuu. CreknmooOpa3ueiii  B,0;,  KoTOpHIi
Oepercsi Bcerga B H30BITKE, IPONHUTHIBAET
Me3onopuctoe AYB u, kak Obl, MOIHOCTBIO €ro
CMaYHBaeT. OO6pazyrormasicst ceTka 3
OecropsI0OYHO OpPHEHTUPOBaHHBIX Tpymin BOs,
CJIEZIOBATENBHO, COCYILIECTBYET c
HEYNOPSIOUYECHHOM YIIIepOIHOM CEeTKOM
ITocpencTtBom BapbUPOBAHUSA
COOTHOIIEHUS HCXOTHBIX peareHToB,
TEMIIEpaTypbl CHHTE3a, CKOPOCTH HarpeBa U
MPOJOJDKUTENIBHOCTA ~ TEPMOBBIIEPKKA  OBLIH
ONTUMHU3HUPOBAHBI PEXKUMBI MIOJTyYCHUS



0mMHO(}A3HOTO  BOJOKHOMOMOOHOTO  IPOIYKTA.
CTpyKTypa MOJUKPUCTAIUINIECKOTO KapOHIHOTO
BOJIOKHA COTJIaCHO HaONIONEHHAM IOCPEACTBOM
ontmueckoid u anekTporHo (JEOL, Superprobe
733) MHKPOCKOIIMU CYIIECTBEHHO 3aBHCSIT OT
ycnoBuit ero ¢opmupoBanus. KapbumzobopHoe
BOJIOKHO, TMOJIydeHHOe mpu Temmeparype 2000°C
B Cpelie aproHa, XOTs U pacnanaeTcs Ha KpyIHbIe
armoMeparsl u3 yactuil B4C (puc.lc), omnHako
MOpGOJIOTrHs NOCIECAHUX HE OCTABISIET COMHEHHUS
B TOM, 4TO UX NpeKkypcopom sBisierca AYB. Ilpu
Ooyiee MSTKHX YCIOBSX CHHTe3a (HOPMHPYIOTCS
KapOumpoOopHbIE BOJIOKHA, B KOTOPBIX
IOBYIPEIOMIISIOIINE KPUCTAIMKH  JOCTaTOYHO
MIPOYHO B3aMMOCBs3aHkI (puc.lc). Juamerp Takux
BOJIOKOH, ¥ 3TO JAOCTaTOYHO HEOOBIYHO, 3aMETHO
MeHbllle auamerpa ucxognoro AVYB. Opnako
HauOoJiee BBDKHBIM SABJSIETCS TO, YTO OJHO U3
BBICOKOOPHEHTHPOBAHHBIX (B MPOXOAIIEM CBETE)
BOJIOKOH COCTOHUT W3 LMIMHAPUYECKUX IOJBIX
HaHOCTPYKTYp, JHAMETP KOTOPhIX He Ooiree 15HM
(puc.2a). Hapsny ¢ HaHOTpyOKaMH BOJIOKHO
COICPKUT WX MOJIEKYJSIpHBIE —arperatsl, a
BO3MOXKHO ¥ HOBble Mopdomorun (puc.20),
XapakTepHBIE TOJABKO JUII KapOuma Oopa.
OTMeTHM, 4YTO HaHOCTPYKTYpbl C MOJ0OHOH
Mopoorueit ObUTH OOHAPYKEHBI HAMH paHEee B
KapOoume oopa, CHHTE3UPOBAHHOM u3
napooOpasHbpIX 0Oopa U yriepoaa. BeprmHbl
HaHOTPYyOOK M3 KapOuaa Oopa, Kak BHUAHO Ha
MHOTHX  MHKpom3oOpaxkeHmsx (puc.2B), He
cozepkar Kakue-1oo, B YaCTHOCTH,
MeTaJICOAepIKaIIne BKITIOUCHUSL. Baxno
OTMETHUT, 4TO PEHTreHorpaMMa
BBICOKOOPUEHTUPOBAHHOTO BojokHa B4C
(puc.la) 3aMEeTHO OTIMYAETCA oT
peHTreHorpaMMBl  mopomkoodpazHoro  B4C
(puc.1B). MexaHN3MbI o0OpaszoBaHUsA
HAHOCTPYKTYp W TOJHKPUCTALIHYECKHX YaACTHIL
B4C B omHOM M TOM e mpolecc, BEpOSTHO,
CYLUIECTBEHHO  pasHble, YTO MPUBOAUT K
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SKCIIOHUPOBAHUIO Pa3HBIX IDIOCKOCTEH pOCTa.
YMmecTHO  3mech  OTMeTHTh, 4ro  3ddekr
JOCTaTOYHO 3aMETHOTO TEKCTYPUPOBAHUS
MOPOIIKOOOPA3HBIX BEIIECTB CO3/aBajicsl HaMH
panee [3] TOJNBKO 3a CYET BHICOKOMHTEHCHBHOTO
JUCIIEPTUPOBAHUS WX  MOJUKPUCTAIUTHYCCKUX
YaCTHII.

HecomMHeHHO, CTOJNH  OpHUTHHAIBHBIC
pe3yIbTaThl TpeOyIoT HEOPIUHAPHBIX
MPENICTAaBIIEHUH O MEXaHW3Max He TOJBKO
00pazoBaHMsI HUTEBUIHOTO KapOuaa Oopa, HO U
3apOKICHH W POCTA €ro IOJBIX HAaHOCTPYKTYP.
Bo3moxHO, uT0 HHTeBHAHBIE KpucTamwisl BsC
oOpaszyrorcss He Ha craguu (3), a B pe3yibrare
peakuuu

5B,0; +15C =[10B +15CO] =

:2B4C+B202 +3CO (4)

B KOTOpOW BelecTBa, SKOOBI oOpa3yemble Ha
cTamuu (2), He SABISAIOTCS TPOMEKYTOYHBIMH, a
BXOIST TOJIBKO B COCTaB AaKTUBHUPOBAHHOTO
KOMIUIEKCA. B HayaJbHbIN MOMEHT
BOCCTaHOBIJIEHHUs paspyiieHue csazeit C-C u B-O
¢ ynaneauem CO compoBoxaaeTcs 00pa3oBaHuEM
HOBBIX CBs3eid B-B B CTEKIIOBUIHON CTPYKType
B,0O;. BonokHo 3a cueT yMEHBIICHHS B HEM
CONEpXaHMs yIJiepoJa ¥ COKpAIleHUs JUINH
CBS3e B CTEKIOBHIHOM KapKace CXKUMaercs,
3aMETHO YMEHBIIASCh B THAMETPE.
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