Russian Chemical Reviews 81 (6) 549 — 1559 (2012)

© 2012 Russian Academy of Sciences and Turpion Ltd

DOI 10.1070/RC2012v08 1n06ABEH004287

Micro- and nanosized boron carbide: synthesis, structure and

properties

R A Andrievski

Contents

I. Introduction

II. Synthesis
III. Structure and properties
IV. Conclusions

Abstract. Methods of synthesis of powder particles, fibres
(wires), tubes, films, coatings and bulk materials based on
micro- and nanocrystalline and amorphous boron carbide
are considered. Specific features of the electronic structure,
material structure and physicochemical and mechanical
properties of boron carbide and boron carbide-based com-
posites are discussed. Their existing and potential applica-
tions are highlighted. The little studied aspects of the
research area in question are specified. The bibliography
includes 105 references.

1. Introduction

Boron carbide have long attracted attention of chemists,
physicists, materials scientists and other specialists owing to
its low density, favourable hardness and elastic properties,
high melting point and chemical inertness, as well as to
specific nuclear and electric characteristics. In the last few
years, the interest has increased because of much recent
effort to create boron carbide-based armour, thermoelec-
tric, semiconducting, biological and radiation-resistant
materials (see, e.g.,! >). It is of interest to consider how
varying the structural parameters and going from common
bulk crystalline materials to micro- and nanocrystalline
materials change their physicochemical and mechanical
properties and performance.

Using this scenario, we studied most of refractory
compounds (carbides, nitrides and borides),® hydrides’-8
and silicon carbide-based materials.? In this review, as well
as in other works,®~? the terms micro- and nanosized are
used with respect to both micro-and nanostructural (micro-
and nanocrystalline) and micro- and nanoamorphous mate-
rials since many of boron carbide-based objects (particles
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and films) are prone to amorphization. The conventional
boundary between ‘micro’ and ‘nano’ is taken to be at 100 nm,
and the upper limit of ‘micro’ is at about 5 x 103 nm.

The properties of boron carbide have been studied for a
long time (see, e.g.,'% !%); however, many of its specific
features are still debatable, which is explained by a variety
of preparation methods and difficulties of phase certifica-
tion of samples. The most frequently encountered variants
of the phase diagram of the B—C system are shown in
Fig. 1. The first variant (Fig. 1 a) is based on the general-
ization of results of many studied, including the refinement
of the composition of boron carbide with the limiting
carbon content and the congruent melting composition.!'¢
The diagram has a wide homogeneity range of boron
carbide at the centre (deviations from the stoichiometric
composition are considerable: ranging from ~9 at.% to
~24 at.% C). This phase diagram is accepted as the most
reliable one by many researchers (see, e.g., Refs 10—12, 15).

The second variant of the B— C phase diagram (Fig. 15)
implies the existence of the B;3Cs .« phase with a narrow
homogeneity range up to ~800 °C and hyperstoichiometric
compositions at higher temperatures, as well as other boron
carbide phases (from Bs;C to B13C3).!7

A calculated B— C diagram was recently reported at the
17th International Symposium ‘Boron, Borides and Related
Compounds’ (ISBB 2011, Istanbul, 2011). According to this
phase diagram, the rhombohedral boron carbide modifica-
tion with a wide homogeneity range (from ~9 at.% to
~24 at.% C) exists only at high temperatures, whereas at
T <600 K peritectic decomposition leads to the monoclinic
B4C modification with a narrow homogeneity range.!® The
B—C diagram variants reported in studies!'”-!8 are very
credible, but require further detailed experimental verifica-
tion.

Most of commercial boron carbide products are formu-
lated as B4C (B12C3). Other formulas are also encountered,
for example, B13Ca or B;7C,, which describe, respectively,
the hyperstoichiometric and hypostochiometric (with
respect to B4C) phases formed due to structural vacancies.
Selected physicochemical characteristics of the most com-
mon boron carbide compositions are summarized in
Table 1.
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Figure 1. The most frequently encountered variants of the phase

diagram of the B—C system with a wide homogeneity range of the
B4C solid modification (a) and with a narrow homogeneity range of
B13Cz 4 extended at high temperatures (b).*
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Figure 2. Rhombohedral unit cell of boron carbide with B;;C
icosahedra (a) and the effect of the boron content on the filling of
its sublattice in Bi» and B;,C icosahedra (b).!3- 14

(a) (I, 2) Boron atoms in the /; and /> positions, respectively;
(3) boron atoms in the 15 positions; (4) carbon atoms in the 2¢
position; (b) (1) for the B> icosahedron; (2) for the B;;C icosa-
hedron.

Table 1. Selected physicochemical characteristics of the most common
boron carbide compositions.

Parameter B4C Be.sC Ref.
Structure rhombo- rhombo- 12
hedral hedral
Space group R3m R3m 12
Unit cell parameters /nm
a 0.5598 0.5630 12
b 1.2120 1.2190 12
Density /g cm 3 2.52 246,2488 12,13
Carbon content (at.%) 20 13.33 10-12
Tm /K 26202740 — 10
— 2730 12
2720 ~2670 14
Vickers hardness /GPa 48.5 37 14
Shear modulus /GPa 198-2052 185-195 15
Electric resistance /Q m 10-3-10"1! ~8x10—¢ 12, 14
Band gap width /eV 1.64 - 12
TLECP®(300-1100) /K—! 45x10-° 5.5%x10—¢ 12

2 For the B4 3C composition. » Thermal linear expansion coefficient.

‘Building blocks’ of the rhombohedral unit cell of boron
carbide are Bi> or B;;C icosahedra located at its vertices
and joined by the C—C—C or C—B—C chains along the
major diagonal (Fig. 2 a). Figure 25 shows how the filling

(defectiveness) of the boron sublattice changes as a function
of boron concentration. It is believed that variation of the
concentration of structural vacancies in the homogeneity
range is one of the crucial factors determining the evolution
of physicochemical properties within this range. The change
in the hardness, lattice constant, thermal and electrical
conductivity, as well as thermoelectric characteristics,
depending on the carbon content within the composition
range BCs3s—BCs (including the effect of the isotope
composition) has been comprehensively covered.!'3 14,19

I1. Synthesis

1. Micro- and nanopowders, nanowires and nanotubes
Boron carbide powders for manufacturing abrasives and for
other applications are produced by many companies [for
example, OOO Liprom (Russia), OAO Zaporozhabraziv
(Ukraine), H C Starck Company (Germany) and others].
One of the finest commercial technical powders
(H C Starck Company) has an average particle size of
~3 um (F1200). This company also produces finer frac-
tions of special purity (HD20; average particle size, 0.5 pm;
specific surface area, 22-27m?g~!; B:C=3.7-3.9),
which are used for creating sintered materials for different
purposes.

Boron carbide is synthesized by different methods:
direct synthesis from elements, carbothermic reduction of
boron oxide, metallothermic reduction of boron oxide with
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magnesium in the presence of carbon, various versions of
gas-phase interaction. The following methods of producing
micro- and nanopowders, nanowires, nanotubes and fibrous
and porous nanostructures based on boron, carbon and
boron carbide have been described:

— synthesis from initial B and C nanopowders in a
hydrogen atmosphere at relatively low temperatures
(1123—-1473 K), which yields hollow and fibrous nano-
structures; 20

— synthesis from initial amorphous B and C powders in
an argon atmosphere at 1823 K, which yields powders with
a particle size within 15-350 nm (average particle size
~200 nm; 2!

— carbothermal synthesis from a mixture of boron
oxide and amorphous carbon in a vacuum at
1573—-1773 K, which yields a mixture of crystalline and
amorphous B4C powders with a bimodal size distribution,
~70 nm and ~260 nm.??> An analogous carbothermal syn-
thesis has been used for obtaining nanostructural B4C
coatings on diamond powders in an argon atmosphere
(T = 1423 K); %3

— low-temperature synthesis of boron carbide in an
argon atmosphere (7 = 1523-1573 K) from a mixture of
boric acid and glycerol calcined (in air at 823 K), which
yields a boron carbide powder with an average grain size of
~ 1.1 um and a low content of residual carbon;?*

— combination of the synthesis from initial components
with compaction by the pulsed electric current sintering
method at pressure P = 20 MPa and a stepwise increase in
temperature from 1573 to 2173 K, which yields B;3C»
compacts with a relative density of 95% and a grain size
of ~410 nm;?°

— gas-phase synthesis from boron halides, carbon tetra-
chloride, hydrocarbons like CH4, C2H> and C3Hg, as well as
B and B»Os3 evaporation products, which affords nanowires,
nanofibres, nanosheets and nanobelts. For this purpose,
plasma-activated processes, laser evaporation, catalysts,
carbon nanotubes, polymer precursors and special tem-
plates are used (see, e.g., Refs 1, 26—31);

— autoclave synthesis (7= 873 K, t = 8 h) from amor-
phous boron powders and liquid CCly with lithium metal as

a reducing agent, which yields nanocrystalline boron car-
bide powders with a grain size of 15—-40 nm; 32

— synthesis of micropowders based on compounds in
composite systems like Ti-B—C and Si—N—C—B by
means of intense mechanical grinding of mixtures of intial
compound powders (B4C+TiO,+C and BN+ C+Si,
respectively), which are then compacted by the pulsed
electric current sintering method.33-34

Scanning electron microscopy (SEM) images of boron
carbide nanoparticles, nanowires, nanosheets and nanobelts
are shown in Fig. 3. As is seen, the morphology of nano-
sized forms is rather diverse. Single-crystal nanoparticles
synthesized by reactions of boron vapour, obtained from
decomposition of magnesium diboride, with carbon nano-
tubes (7= 1423 K) are faceted (Fig. 3a4). Nanoparticles
form at the ends of nanotubes (Fig. 3 5),%%27 as well as at
defects.?® The size distribution of nanoparticles is lognor-
mal, including bimodal forms.?? The length of nanowires
10—100 nm in diameter (as a rule, the average diameter is
~ 50 nm) is several hundreds of nanometers, but can be as
large as a millimeter.?®

In addition to crystalline and amorphous boron, boric
acid and boron oxide are used as the initial components in
synthesis of boron carbide. When heated, these compounds
undergo the following transformations: at 7= 373-443 K,
orthoboric acid (H3;BOj3) converts into metaboric acid
(HBO») melting at ~510 K to form the B>Os oxide, which
melts at 7 >750 K (the boiling point is above 1950 K).?3
Taking into account these data, basic reactions of numerous
versions of the synthesis of nanosized boron carbide can be
written in general form as follows: 28

B,0s(1) —> B,0s(g) )]
C(s) + B203(l) —> B202(g) + CO(g) ()
8CO(g) + 2B203(g) —> B4C(s) + 7COx(g) 3)
6CO(g) + 2B202(g) —> B4C(s) + 5COx(g) @
7C(s) + 2B10s(l, g —> B4C(s) + 6 CO(g) ©)

Noteworthy are reactions involving oxygen impurities
and water vapour in the furnace space.°

Figure 3. SEM images of boron
carbide nanoparticles (a,2° b?7),
nanowires (c),?® nanotufts (d),?®
nanosheets and nanobelts (e).3!
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B(s) + (x/2) O, —> BO.(g) (6)
B(g) + xH,O —— BO.(g) + x Ha(g) (7)

Judging by the character of reactions (1)—(7), gas-phase
mass transfer plays a significant role in the synthesis of
boron carbide.

It is suggested that nanowires are formed by the
vapour —solid mechanism.?® In the presence of catalysts
(Ni or Fe), a liquid phase can form and other growth
mechanisms (vapour—liquid —solid or solid —liquid —solid)
are possible.3! However, as far as is known, specific features
of the carbidization kinetics and mechanism have been little
studied. Electron microscopic study of nanowires of cova-
lent carbides (B,C, SiC) and interstitial carbides (TiC, TaC,
NbC, TiNb;_,, Ta,Nb;_,) revealed a general character of
the carbothermal reductions in the presence of nickel and
iron catalysts.30

Thermodynamic analysis of conditions of coating depo-
sition on particles of diamond powders?? showed that the
carbide formation by the reaction

2B+2H3BO3+7C —— B4C+6CO+3H2 (8)

begins at ~1670 K (Fig. 4), which is roughly consistent
with experimental evidence. The distinction of the clearly
nonequilibrium carbidization conditions from equilibrium
thermodynamic estimates should also be taken into
account. The morphology of resulting boron carbide nano-
structures (Fig. 3) depends on the boron oxide vapour
pressure [reactions (3)—(7)] and the effect of catalysts, as
well as on the properties of the carbide and substrate
surfaces; as far as is known, the role of these factors has
not been considered theoretically so far.

X m O » > e O
N AN W~

Amount of substance /mol

1770

270 770 1270

Figure 4. Influence of temperature on the amounts of components
of reaction (8).23

(1) Carbon, (2) hydrogen, (3) B20s(s), (4) CHa, (5) B2Os(1), (6) B4C.,
(7) CO.

Common methods for determining the size of nano-
structures are X-ray diffraction, SEM, transmission elec-
tron microscopy (including high-resolution TEM) and
measurement of the specific surface of powders by the
Brunauer — Emmett—Teller method (see, e.g., Refs 6 and
9). For studying carbon and oxygen impurities and phase
analysis, X-ray photoelectron microscopy, Fourier trans-
form Raman and IR spectroscopy, energy dispersive spec-
troscopy, electron energy-loss spectroscopy and Auger
spectroscopy are used in addition to the above methods.

The X-ray powder diffraction pattern of a B4C nano-
powder obtained by the direct reaction of solid boron and
carbon at 1823 K,2!

4B+ C —> B4C, ©
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Figure 5. X-Ray diffraction pattern of B4C nanopowder («) and
intensities of diffraction reflections () according to the data of the
Joint Committee on Powder Diffraction Standards (No. 6-0555).2!

is shown in Fig. 5. As demonstrated by TEM, some differ-
ences between the experimental and calculated data are
caused by a small particle size (<50 nm) of synthesized
nanopowders and a high density of twin defects.

The B4C and B;3C, carbides have identical crystal
lattices with slightly different lattice constants. Neverthe-
less, they can be identified by X-ray crystallography, using
the difference between the intensities of some reflections [for
example, (012) and (104)] and their 2 0 angles.?!-28

X-Ray crystallography data are usually supplemented
with the results of TEM and high-resolution TEM study.
Figure 6 shows electron microscopy images of B;3C, sam-
ples obtained by the direct synthesis from boron and carbon
powders coupled with compaction by the pulsed electric
current sintering method.?> The light-field image (Fig. 6 a)
indicates the presence of texture and the high density of
parallel dark and light sheets inside separate grains, which is
presumably caused by planar defects and amorphous inter-
layers. The typical dark streak pattern of a grain is observed
at large magnifications (Fig. 6 b).

Information on the homogeneity of composition in
different nanoparticles can be obtained by means of elec-
tron energy-loss spectroscopy. In particular, from the
results of determination of the boron and carbon contents

Figure 6. TEM images of nanograins in B;3C, samples obtained
at different resolution.?’
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in 18 boron carbide nanoparticles obtained by the direct
synthesis,?! the average B:C ratio turned out to be
4.16 +0.48; approximately the same result was obtained in
analysis of individual nanoparticles in other experiments.
For high-quality certification of nanoobjects, it is essen-
tial to use several independent methods of investigation (for
example, X-ray crystallography, TEM, energy dispersive
spectroscopy, energy-loss electron spectroscopy, etc.) in
order to enhance the reliability of the results. An example
of using different methods (X-ray crystallography, Raman
spectroscopy, X-ray photoelectron microscopy, TEM,
Auger spectroscopy and electron diffraction) for complex
certification of nanopowders prepared by the reaction

4B+CCly+4Li % B4C+4LiCl,

has been considered.32

2. Films

The above information mainly concerns equilibrium pow-
ders and sintered and melted samples. The situation is
complicated in the case of films: they are characterized by
considerable nonequilibrium and an increase in the number
of modifications of boron carbide and other compounds
(see, e.g.,33 3%). In particular, as applied to films obtained
by chemical vapour deposition from the (BCls + CH4+ Hb)
gas phase at 1303—1503 K and a pressure of 6.6 kPa, the
phase diagram of the B— C system 33 contains four crystal-
line and two amorphous phases of boron carbide, although
the existence of two-phase regions (a necessary attribute of
two-phase systems) is debatable.?5

In addition to chemical vapour deposition, physical
vapour deposition methods are widely used to produce
boron carbide films: magnetron sputtering in various
regimes (DC, RF and pulsed DC),3¢~43 pulsed-ion beam
evaporation and laser physical vapour deposition,>** air
plasma spraying #> and other methods. The pulsed-ion beam
evaporation method enables the fabrication of crystalline
B3C, films by room-temperature sputtering, although,
according to X-ray diffraction, they contain an amorphous
borosilicate phase.? Boron carbide films prepared by DC
magnetron sputtering are crystalline only at a silicon sub-
strate temperature above 1210 K.4® At temperatures
<1210 K, amorphous films are deposited, in which electron
diffraction revealed graphite inclusions and short-range
ordering.#!-42 Carbon segregations are also assumed to
exist in films deposited at 1243 K.40 Studies**4> were
technologically biased and dealt with the possibility of
using the films and coatings with embedded B,C for parts
of friction units and for enhancing the cutting character-
istics.

Specific features of magnetron sputtering of films from
targets composed of sintered composites B.C +
(25 mass %, 50 mass % or 75 mass %) TiB> have been
studied.3%-38-39 Characteristics of films fabricated by RF
magnetron sputtering from targets of different composition
in the presence and absence of an additional external
magnetic field are listed in Table 2. As is seen, the hardness
of films in the B,C —TiB, system increases with increasing
TiB» content (the largest Hy values were observed for the
compositions sputtered from the targets containing
25 mass % and 50 mass % TiB»). These films, like the B,.C
film, turned out to be X-ray amorphous. According to
X-ray diffraction, film No. 2 was single-phase (a crystal

Table 2. Average grain size (L/nm) and microhardness range
(Hvy /GPa) of the films sputtered in the absence (I) and presence (II)
of an additional external magnetic field (~0.04 T) from targets of
different composition.38

Film Target | 11
No. composi-

tion (mass %) L Hvy L Hv
1 TiB; 36+1.8 32-39 33+£1.1 38-42
2 TiB,+25B,C 8.5+4.0 36-42 29+0.3 46-50
3 TiB,+50B,C amorphous 44—50 amorphous 52-57

film film

TiB,+75B,C the same 42-48  the same 50-56

5 B.C " 36-44 " 42-50

structure of the AIB, type, the same as in the case of
titanium diboride). The additional magnetic field, which
contributes to a higher concentration of ions deposited onto
the substrate and, correspondingly, to an increase in the
number of crystallization sites and their growth rate, led to
an increase in the hardness of both crystalline and amor-
phous films. It is also noticeable that, in the case of
crystalline films, the additional magnetic field favours the
decrease in crystallite size and (especially) the narrowing of
their size distribution. Sputtering with the use of the addi-
tional magnetic field is accompanied by a noticeable reduc-
tion of the film roughness. In particular, roughness
parameters (Ryms is the root-mean-square of the peak
heigths at the film, Rmax is the maximal peak height, R, is
the average peak height) for amorphous film No. 4
(~75 mass % B,C), obtained in the presence and absence
of the additional magnetic field, were as follows (nm):
Rims = 0.175, Rmax = 0.75, R, = 0.138 and Ryms = 0.139,
Rmax = 0.7, R, = 0.107, respectively.

With the use of high-resolution TEM, energy dispersive
analysis and Rutherford backscattering spectroscopy, it was
demonstrated that applying an additional external magnetic
field in the course of magnetron sputtering promotes the
nanocrystallization of amorphous films and contributes to
the conservation of their composition.38:3°

3. Bulk materials

Different methods are used for fabricating bulk materials
(compacts) based on boron carbide powders. It should be
taken into account that, as in the case of other covalent
substances (B, Si, SizNy), the covalent character of boron
carbide predetermines the high sintering temperature
(>0.85 T),*® ie., above 2300-2400 K. However, even
under these conditions, only hot pressing can lead to
formation of samples with low porosity. Recently, the
pulsed electric current sintering method has become popu-
lar, which allows using preliminarily prepared carbide
nano- and micropowders (see, e.g.,*”>48) or, as mentioned
above (see Section I1.1), synthesized powders.?>4°-32 In
this method, the electric current passes through the sintered
powder, which is also exposed to a small external pressure.
It is assumed that, under these conditions, micro-plasma
discharges appear and activate the sintering process, which
occurs at considerably lower temperatures and takes much
shorter time as compared with hot pressing.33 Some infor-
mation on boron carbide materials fabricated by the pulsed
electric current sintering method is presented below:
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— fully dense samples were obtained by sintering boron
carbide powders at 2173 K (¢ = 6 min, P = 50 MPa); the
grain size was 4.0541.62 um; 47

— high-density ultradisperse Al,Oz+ 60 vol.% B,C
composites with addition of up to 5 mass% SiC were
fabricated by sintering the powders at 1923 K (¢ = 4 min,
P = 80 MPa); the grain size was 0.55 um; X-ray powder
diffraction revealed small amounts of the AligsB4Os3
(9 Al,03- 2 B>0O3) phase in the sintered samples; 48

— nonstoichiometric B,C (x = 3—10) samples with a
relative density of 92% were obtained after synthesis and
compaction by the pulsed electric current sintering method
at 2173 K (¢ = 20 min, P = 20 MPa); 3!

— variants of synthesis of B,C— Al microcomposites
(including gradient ones) by the melt infiltration method
with the use of pulsed electric current have been
described.30-52

The fabrication and properties of composites based on
the B,C—TiB, system have been well documented (see,
e.g.,>*~99). Pseudobinary and more complicated phase dia-
grams have been studied.”>-7-38.61.64 The eutectic character
of the BXC*TiBz, LaB(,foC7W2B5 and B\C*SIC*Tle
diagrams has been has been revealed,>> 57-58 although in the
last case, the structure of melted samples contained rela-
tively large grains rather than lamellar structures typical of
eutectic alloys. Refinement of phase equilibria in the
Ti—Si—B-C system with the use of thermodynamic infor-
mation on the B,C—TiB,, B,C-SiC and SiC-TiB, pseu-
dobinary sections has shown that no quasi-ternary eutectic
forms in the B,C—SiC—TiB; system.°!

The isothermal section of the phase diagram of the
TiB>—B4.sC pseudobinary system, studied as early as in
1966 %4 and confirmed by thermodynamic calculations,®! is
shown in Fig. 7. The possible decrease in the eutectic
temperature with allowance for the existence of a nano-
structure (nanocrystallinity) was estimated using the sim-
plest regular solution approximation. The contribution of
excess free energy per mole was written in the form

6Ve
AF =—,

L
where 7 in the volume of 1 mole, ¢ is the surface energy at
the nanograin boundary, and L is the nanograin size.

T/°C
3225420°
3200
2800 °
~2450°
2400 . 2310+15° f
\\<2% 88+ 3%
2000
| Il Il Il
TiB, 20 40 60 80 BysC

Composition (mol.%)

Figure 7. Phase diagram of the TiB,—B4sC pseudobinary sys-
tem.%*

The decrease in the eutectic temperature is

AF
AT, = Rinx’
where R is the gas constant, and x is the maximal boron
carbide solubility in titanium diboride at 7. = 2580 K
(~2.5mol.%).%*%7 The results of these calculations for
three L and ¢ values are presented in Table 3. As is seen, a
perceptible decrease in 7. is expected at a nanograin size of
~10 nm. It is worth noting that these calculations provide
estimates suitable only for determining the upper and lower
limits of 7., which is due to the limitations of the regular
solution approximation and the uncertainty in ¢ values.
Nevertheless, such determinations can be useful for estimat-
ing the upper limit of operating temperatures of nano-
composites based on refractory compounds, which are
used as parts of friction units or as heat-resistant materials.

Table 3. Estimated decrease in the eutectic temperature in nanocrystal-
line materials based on B,C—TiB, system.3%- 68

e/ m—2 AT. (K) at L (nm)
5 10 50
3 1000 500 100
670 340 68
1 340 170 35

Different samples of the B,C—TiB, system have been
fabricated by the cast method,>*>° hot pressing,>® common
sintering (with aluminium additions),®® pulsed electric cur-
rent sintering %93 and laser processing.® The last method
(a Nd:YAG laser; power, 500—1000 W; wavelength,
1.06 um; radiation energy, 120-240 J mm—2; scanning
was at a speed of 0.42 mm s—!) yielded eutectic nano-
structural surface layers up to 103 pm in thickness with a
distance of 180 nm between lamellas and a hardness of
32 GPa.

Composite materials based on boron carbide and boron-
doped diamond (1.8 at.% B) as cylinders 8 mm? in volume
were synthesized using a multianvil press at a pressure of
20 GPa and 7 = 2300 K from turbostratic graphite-like
BC, phases (x = 1,1.5,3) as precursors.®>-7® The compo-
sites exhibited the semiconducting behaviour and extreme
hardness (88 &3 GPa). The high-pressure behaviour of
boron carbide has been addressed in many works (see,
e.g..”1- 7). Indentation of this compound led to the phase
transition from the crystalline to amorphous state (the
estimated transition pressure is 44—49 GPa).”! An in situ
Raman spectroscopy study revealed amorphization of B,C
single crystals during unloading to P~ 1 GPa after loading
to 50 GPa.”> However, the pressure per se does not lead to
amorphization, which was demonstrated by the X-ray
diffraction study using the synchrotron radiation source at
pressures up to 126 GPa.”? Density functional theory
(DFT) calculations showed that the band gap of boron
carbide decreases with increasing pressure, and the metal-
licity of the compound builds up.”#

A complex compound based on silicon, boron, carbon
and nitrogen is used as a matrix for C(fibres)/SiC(filler)/
Si—B—C—N composites, which have a high thermal
stability (up to 2000 K).”> These composites are fabricated
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by multiple cycles of melt infiltration of porous preforms
composed of carbon fibres and silicon carbide fillers with a
Si—B —C—N precursor (followed by pyrolysis).

The above data point to the existence of a rich arsenal of
methods of fabrication of boron carbide-based micro- and
nanopowders, nanotubes, nanowires, films and bulk mate-
rials (see Ref. 1 for a more exhaustive report of fabrication
regimes). On the one hand, this shows the large synthetic
and technological potential of this compound, and on the
other hand, enhances the requirements for choosing an
optimal method of fabrication since not only excellent
functional properties of such materials but also economic
characteristics of their production should be taken into
account.

I11. Structure and properties

1. Electronic Structure. Electrical and Optical Properties
As mentioned above, the high hardness, the wide homoge-
neity range, the transition to the amorphous state and
peculiar electrical and optical properties of boron carbide
have long attracted the attention of researchers; therefore, it
has been addressed in numerous theoretical and experimen-
tal studies. If a quite plausible version'® that B4C exists as a
monoclinic modification with a narrow homogeneity range
is taken into account, most information on the synthesis
and properties of boron carbide refers to the rhombohedral
phase of approximate composition B,C (x = 4.25-11.5). In
the literature, these nonstoichiometric compositions are
traditionally referred to as B4C, and only recently some
authors have recognized the conventional character of this
name and used quotation marks ‘B4C’ (see, e.g.,’®) or the
designation B,C emphasizing the nonstoichiometric charac-
ter of this phase.

Calculations of structural models and electronic struc-
ture for crystalline and amorphous boron carbide at differ-
ent levels of theory have been performed in many studies
(see, e.g.,»4%7477-80 carried out over the past five years).
DFT calculations of the atomic and electronic structures of
the crystalline and amorphous boron carbide modifications
(using the local-density approximation and the plane-wave
pseudopotential method) have shown that the crystal struc-
tures exhibit semiconducting properties, while amorphous
compositions have semimetallic properties. The pressures of
the crystalline phase — amorphous phase transitions have
been calculated for different atomic configurations of bind-
ing atoms in the boron carbide structure (Fig. 2a), and it
has been shown that such transitions are accompanied by a
decrease in the bulk modulus of the samples.

Considerable attention has been paid to the nature of
structural vacancies and the effect of the carbon concen-
tration on the B—C bond character.”7~7° Stable structural
vacancies with the localization of electronic states of boron
and carbon atoms have been revealed, and this localization
leads to the semiconducting nature of boron carbide
throughout its homogeneity range.”’” Comparison of first-
principles calculation results with experimental data on the
enthalpy of formation and infrared phonon modes has
shown that a defect model of boron carbide can be
suggested: at the carbon content <13.33 at.%, defects
form in the connecting chains, whereas at the carbon
content >13.33 at.%, defects appear in icosahedra.’®
These results correlate with concentration dependences of
thermophysical and electrical properties. Calculated hypo-
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Figure 8. Temperature dependences of electrical conductivity (@)
and Seebeck coefficient (b) of films of ~1 pum in thickness (/) and
B15C2 bulk samples (2).2

thetical superhard structures of boron carbide based on
B;,C icosahedra have been discussed.”®

Figure 8 shows the temperature dependences of electri-
cal conductivity and Seebeck coefficient of films obtained
by the pulsed-ion beam evaporation method and B;3C; bulk
samples. As is seen, the films ~1 um thick at temperatures
up to 1000 K have lower electrical conductivity as com-
pared with the bulk samples; however, at 1100 K, these
conductivities become equal, which is most likely caused by
recrystallization and amorphization processes in boron
carbide. The Seebeck coefficient, which also depends on
electron—phonon interaction, is a more complicated func-
tion of temperature. These data suggested that an increase
in the electrical conductivity of boron carbide films (for
example, by increasing the substrate temperature or by
using an additional annealing) would make their perform-
ance in thermoelectric devices more efficient. As applied to
the use of boron carbide films as a neutron detector, films
obtained by magnetron sputtering at room temperature are
recommended.*?

Photoluminescence spectra of boron carbides of differ-
ent composition (B43C, BesC and B;oC, including those
with 1°B, "B, 12C and '3C isotopes) have been studied in
detail.8! Analysis of the spectra has demonstrated that the
energy of transition from the valence band into the con-
duction band (E,) is independent of the chemical (isotope)
composition and is close to the E, values determined from
optical and electrical measurements. According to Werheit
et al.,8! the electronic structure of boron carbide can be
described in the framework of classical band theory con-
cepts but with allowance for defect states.

Raman spectra are often used for monitoring the
changes in the boron carbide structure caused by nano-
indentation,”!-82 high pressures and electric fields.”? 8385
Static and dynamic nanoindentation, as well as scratching,
are accompanied by the emergence of new bands in Raman
spectra at 1330—1350 and 1590 cm—!, which is assigned to
structural disordering and possible amorphization. The
appearance of carbon and boron clusters has been revealed
by Fourier transform IR spectroscopy.®? The change in the
electronic state of carbon atoms (the appearance of sp?
configurations) has also been reported.”!- 32 High-resolution
TEM images have revealed the formation of nanocrystals,
deformation bands and shears and amorphous inclusions.”!
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Study of the effect of electric fields on Raman spectra
showed that, at field strengths <3000 V cm—!, amorphous
carbon clusters are segregated, and in stronger electric
fields, sp?> carbon configurations appear; i.c., the pattern
of transformations in boron carbide in electric fields is
analogous to that observed under static and dynamic load-
ings.83

2. Mechanical properties

Inasmuch as boron carbide and related composites are used
as construction materials, their mechanical properties are
actively studied. Table 4 compiles most of recent data on
the hardness, flexural strength, crack resistance and elastic
characteristics, as well as on the fabrication methods and
structural data for boron carbide films and bulk samples.
These data show that samples fabricated by hot pressing
and pulsed electric current sintering have better properties
than the sintered samples. The scatter of results is caused by
the high structural sensitivity of mechanical properties and
incomplete certification of the objects under consideration.
No information is available on the mechanical properties of
nanostructural samples with a grain size of ~100 nm, not
to mention the properties of smaller nanostructures. As
noted above (Section II.1), B;3C, compacts with a relative
density of 95% and a grain size of ~410 nm have been
produced by the pulsed electric current sintering method;?>
however, their mechanical properties have not been
reported.

Unfortunately, the grain size in crystalline B4C films
with a thickness of 1.3—1.5 pm was not reported;*® how-
ever, judging by the hardness and elastic modulus, those
films were nanostructural. It is also important that amor-
phous B.C films 1 -2 pm in thickness fabricated by magnet-
ron sputtering with exposure to an additional external
magnetic field have high hardness (see Table 2),3% although
the crack resistance, a key parameter for brittle materials,
has not been determined for these films.38-40 This parameter

for all bulk B,C samples is within 2—4 MPa m%> (see
Table 4). The same values are typical of other brittle
refractory compounds,®>* for which the major disadvan-
tages are low crack resistance and low thermostability.

To improve these characteristics of boron carbide,
numerous studies have been carried out dealing with the
effect of additives on the mechanical properties of
B4C — TiB,38:49.5560.62.66,92-94  B,C_(Ce0,,°5 B,C—
Al,03,4¢ B4C—-BN 2097 and B4C—C 28-100 and other com-
posites. The B4C—TiB;, system (Fig. 9) has been studied in
most detail. As is seen, the changes in Young’s modulus and
hardness with an increase in the TiB, content are nearly
additive, while the changes in fracture toughness and
especially flexural strength are nonadditive. The decrease
in the strengths of the composites containing > 60 vol.%
TiB, is attributed to the transformation of the matrix
structure to the percolation one. It was shown®? that the
B4C—(40-60) vol.% TiB> composites combine optimal
properties, namely, Hvy = 29-30 GPa, K=4.5 MPa m°>,
c>800 MPa and a high electrical conductivity of
~10° Q=" m~1; i.e., such systems are good candidates for
use in abrasive technology (taking into account the possi-
bility of using pulsed electric current sintering in finishing
operations and the high operational stability). Further
improvement of boron carbide fabrication conditions led
to a decrease in the size of B4C and TiB: inclusions to 0.97
and 0.49 pm, respectively; to an increase in hardness to
39.3 GPa, Young’s modulus to 497 GPa and flexural
strength to 865+ 58 MPa, whereas the fracture toughness
remained at 2.5—-3.0 MPa m®> (Ref. 62).

In other studies addressing the mechanical properties of
B4C—TiB, composites, analogous strengths and hardnesses
have been reported; however, there are some indications
that the fracture toughness of 6-9 MPa m®3 can be
achieved.*%- %693 For B4C—40 vol.% Al,O3 (with SiC addi-
tions)*® and B4C—4 mass % CeO;°> composites, fracture
toughness values K~6 MPa m®> have also been found. The

Table 4. Hardness (Hv), flexural strength (o), fracture toughness (crack resistance /K), Young’s modulus (£) and shear modulus (G) of bulk

samples and films of boron carbide.

Method of fabrication Phase Porosity  Grain Hv /GPa 6/MPa  K/MPam®> E/GPa G/GPa Ref.
composition (%) size L /pm

Bulk samples B,C

Sintering at 2420 K B,.C 22 — 21 — 2 — — 86

Sintering at 2420 K B.C 14 14 22 220 22 — — 87

HP at 2170 K B.C 1 - — 675 2.5 — — 88

Sintering + HIP B.C+ C traces ~0 ~2 ~30 392458 2.74+0.16 454 — 89

HP at 2170 K B,C + C traces 5 ~3 28.2 363 4.06 420 171 90

PECS at 2020 K B,.C 0.8-4 1.6-2.7 254-274 — 3.2-36 — — 91

PECS at 2270 K B.C 0.5 2.55 ~35 ~ 540 ~1.7 ~570 — 92

B..C films

MS with AEMF, T,=420K B,C — see? 40-46 — — — — 38

B4C films

MS with AEMF, B4C — see® 28-42 — — 300-470 — 40

Ts=300-1240K

Note. The following abbreviations and designations are used: HP is hot pressing, HIP is hot isostatic pressing, PECS is
pulsed electric current sintering, MS with AEMF is magnetron sputtering with an additional external magnetic field, and T

is the substrate temperature.
2 Amorphous film. ® Crystalline film at 75> 1210 K.
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and flexural strength (b) as a function of composition of the
B4C—TiB; system.”?
All samples had a porosity of 0 %—0.7%; the B4C and TiB, phase
size was 0.7—-2.6 pm.

mechanism of enhancement of crack resistance in these and
other composites is considered to be a result of crack arrest
by inclusions (including those formed in interaction
between phases). In this context, studies of layered and
lamellar boron carbide structures containing additions of
boron nitride and multiwall carbon tubes appear in increas-
ing numbers (see, e.g.,°¢ 199), To fabricate high-hardness
textured B4C samples (Hy = 38.86 £2.13 GPa in the direc-
tion perpendicular to the crystallographic ¢ axis and
Hvy =31.31+0.79 GPa in the direction parallel to this
axis), compacts obtained by slip casting a powder (HS
grade, H C Starck, grain size ~1 um) were exposed to a
rotating magnetic field of 12 T with subsequent pulsed
electric current sintering (P =60 MPa, 7 = 2373 K,
t = 5 min).'%! The electric and heat conductivity, as well as
elastic characteristics of sintered samples with a relative
density of 99% were similar and comparable to analogous
properties of B4C monoliths and single crystals, but the
fracture toughness remained at a level of 2.8-
3.6 MPa m%3,

The high hardness of boron carbide compacts is known
to persist up to 2000 K.!° However, temperature depend-
ences of mechanical properties and the failure pattern of
boron carbide and related composites have been studied to
a limited extent (see, e.g.,>83%-102.103) In flexural tests in the
temperature range from room temperature to 1870 K, the
strength of compacts made of a mixture of B;3C> and B4C
(with additions of aluminium and Al;Os) remains almost

unaltered (o ~ 445 MPa), and at 1870 K, the transcrystal-
lite fracture changes to the intercrystallite one.!> The
temperature dependence of ¢ of B4C—TiB, samples with a
fibrous composite structure fabricated by crucibleless zone
melting is nonmonotonic (the flexural strength decreases at
1070 K and increases with a further increase in temperature
to 1670 K).>® A more or less smooth temperature-induced
decrease in o was observed for eutectic composites LaBg—
SiC —B4C —~W3Bs—TiB2.%® The effect of the microstructure
of B4C-, Si-, C- and SiC-based composite materials on their
dynamic high-strain-rate behaviour has been discussed.!03

IV. Conclusions

Analysis of the information on nano- and microsized boron
carbide provides the following conclusions.

Many methods of fabrication of boron carbide nano-
and micropowders have been developed (direct synthesis
from elements, carbothermic and metallothermic synthesis,
reactions involving gas-phase precursors and others). As
applied to the fabrication of nanopowders, the synthesis
from initial amorphous components plays a leading role.
Gas-phase methods of production of boron carbide nano-
wires, nanosheets and nanobelts have also been developed.

Synthesis of nano- and microsized powders is often
combined with compaction by pulsed electric current sinter-
ing. The latter technology, which makes it possible to
reduce the temperature and duration of hot pressing and
sintering, is widely used for fabrication of different compo-
sites (for example, B4C—TiB,, B4C—-CeO,, B4C—-AlOs,
B4C—-BN, B4C-C, B4C—Al and others). The B4C—TiB>»
system has been studied in most detail.

Chemical and physical vapour deposition methods are
widely used for obtaining and studying predominantly
amorphous films based on boron carbide.

By now, a large body of reliable data has been accumu-
lated on the structure, electronic structure and physico-
chemical and mechanical properties of boron carbide and
related composites (although the nature of concentration
changes in composite structures, the divergence of results of
studying their properties and other facts are still debatable).
Unfortunately, this body of information refers mainly to
microstructural samples, whereas nanostructures have been
occasionally considered. Reliable methods of fabrication of
nanostructural compacts have not been developed in detail
so far. Special attention should be paid to refining the
details of the B—C phase diagram for micro- and nanosized
phases.

The nanostructural approach, which turned out to be
efficient for creating many new materials,'%* has not met
with significant success as applied to boron carbide. A
meticulous study of the role of size effects and specific
feature of interfaces in physicochemical and mechanical
properties of boron carbide-based micro- and nanocompo-
sites will contribute not only to the extension of basic
knowledge but also to the extension of application of
boron carbide in both traditional areas (polishing, details
of friction units, nuclear engineering and armouring) and
relatively new areas (high-temperature thermoelectric devi-
ces,”> medical equipment? ezc.). For materials applied in
nuclear and space engineering, the use of nanocrystalline
boron carbide will help reduce the negative impact of
irradiation on these materials, i.e., will mitigate their swel-
ling and radiation embrittlement.!04 105
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