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1. Boron Carbide

Boren carbide [12069-32-8] belongs to the
important group of nonmetallic hard materials,
which includes alumina, silicon carbide, and dia-
mond [t]. Although it was first prepared over a
century ago, in 1883, by Jory [2], the formula
B.C was assigned only in 1934 [3]. Today a
hemogeneity range from B, 4C to By, 4C has
been estublished. The composition of commer-
cizl boron carbide is usually close to a bo-
ron:carbon stoichiometry of 4:1, the stoichio-
metric limit on the high-carbon side.

Boron carbide is an exceedingly hard ma-
terial. inferior in hardness only to diamond and
cubic boron nitride. In addition, it has a high

elting point. high mechanical strength com-
bined with low density, and high neutron cross
section, and is a semiconductor. General infor-
mation about boron carbide is available in the
reviews of Lirp {4] and THEVENOT et al. [5], [6].

1.1. Crystal Structure

Structurailyv, boron carbide can be consid-
ered a prototype of the so-called interstitial com-
pounds of z-rhombchedral boron [7], which in-
clude B,,C, [12075-36-4] (= B,C). B,,C,Al [8],
8.8, B;;0:. BisAs,. By,P,. and B;_,Si [9].
The crystal structure for these materials consists
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of icosahedra that occupy the points of a rhom-
bohedron, plus a chain of atoms that runs along
the ¢ axis of the rhombohedren. For the most
part, boron atoms occupy the points of the icosa-
hedra. The second constituent -~ C, AL, Q3 in
general occurs on the chain (Fig. 1). (There is
no chain at all in z-rhombohedral boron.) The
rigid framework of polyatomic units of closely
bonded atoms is reflected in the refractory na-
ture and great hardness.

For compositions ¢lose to B ,C;, the lattice parame-
ters are a,, = 0.3607 nm and ¢, = 1.2095 nm [10]. Howev-
¢r, the details of the boron carbide structure {11}, [12] are
not firmly established. According to a recent mvestigation
I13] the sequence C—B—C can be assumed for the chain.
[n addition to these two carbon atoms per unit cell. carbon

Figure 1. The structure of boren carbide for the stoichio-

metry B,,C,
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likely replaces boron at the boron sites in the icosahedra.
With 15 atoms per unit cell (B, ,C,) and 20 mel®% C, boron
carbide can be reformuiated as (B, C}CBC to show this
effect.

On the boron-rich side the extension of the homogene-
ity range to 8.7 mol®% C, the ratic B:C = 10.4, has been
reported by BOuCHacourT, TuevEnoT [14], who pro-
pose the structural formula B,, C(C/B.C,_ /C) and
n = 15.33 atoms per unit cell for B,, ,C. The density of
boron carbide ai the boron-rich end is 2.465 g/cm?®; the
volume of the unit celi, only 2.5% larger than B,C, corre-
sponding to the lallice parameters @y, = 0.5651 nm and
oy = 1.2196 am.

1.2. The Boron—Carboen System

Although numerous studies are available,
not all parts of the B-C system have yet been
fully elucidated,

SaMsONGY, SHURAVLOV, et al. [15], {16] reported the
compounds B,;{,; and B,,C,, both with a iarge homo-
" geneity range, in addition to the carbon-rich BC, and the
boren-rich B, ,C phases. In the diagram of Dovrors {17,
rhembohedral B, ,C, and B, ,C, phases are combined with
2 wide range of solid solubility of only one carbide phase,
B,..C. which is siable only below 1800°C. Erior [18}
reported the solid sclubility of boron carbide from = 8 to
20 moi% C over the temperature range from room temper-
ature 1o the melting point of 2450°C. The B,C-C eutectic
temperalure was reported to be 2375°C, at 290 mol%
carbon (see Fig. 2). Recent measurements by KIEFFer et al.
[19] suppeort this broad range of solid solubility. In addition
to the compounds given in these publications, B, C [20],
ByC [21], and B,,C, {22] have been reported recently.
These are likely low-temperature phases, which are
often observed in chemical vapor deposition. THEVENDT,
BoucracourT {51, [14] recently postulated a peritectic
transformation of the S-rhombohedral boron—carbon
mixed crystal, giving homogeneity range limits of B,, ,C

2375°C"-2400°C*"
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Figure 2. The boron-carbon sysiem
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(88mol% C) and B, ,C (20.0mol% C). Their zpq
diffraction studies indicated a discontinuity in the Jattice
parameters at the composition B, ,C. According to e
phase diagram reported in 1983 by Brauvy 23}, the
carbon-rich limiting composition corresponds 1o B, ¢
e, "B, C," with 2.6 mol % C. Consequently the g
B, ,C has not been firmly established.
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1.3. Physical Properties

The purest B,C crystals vet obtained by the
electrothermic production process are deep
black and shiny, a contrast to SiC crystals, whig
in their purest form are transparent and color
iess. The crystais melt congreently at ~ 2450°C-
the liquid boils above 3500°C. The density 0;.’
B,C having the natural isetopic composition i5 -
2.52 giem®; 'OB,C is less dense, 2,37 giem3,

The Knoop microhardness number HK-0.1,
i.e., the hardness measured with a load of 0.1 kp
(= 0.98 N}, is = 3000 {24} (2000 for Al 04
2600 for SiC and elemental boron, 4700 for cubic
BN, and 7000-800G for diamond). Therefore,
except for diamond, the hardest known materials
al} contain boron. Table i presents some me.-
chanical properties of hot-pressed B,C and
pressureless-sintered B,C doped with 1 ¢
3 wt% carbon [25]. The fracture mode of thy
materials is almost 100% transgranular. Bor
carbide must be considered to be a refra
material, since hardness and strength do
degrade up to 1500 °C in an inert atmosphere [

The average coefficient of thermal expansion’
is4.6 x 107K ! over the range 25-800°C, e
almost identical with that for pure SiC ceramit

However. B,C
shock [26].
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Table §, Mechanical properties of hot-pressed

sintered boron carbide materials [25] produces helir
active nuclei.

Thamidés do p1

Property Units HP- S$BC*
BL* Toic g -
1%C 3%C i

——
Carbon content B e . Qrec
R SRR - LS i
Porosity } <05 ’ ._ ot -The
Bulk dens;iy _ -, glom® 258 244 & neutrot
Mean grain size {m 5 8 + .
Fiexural strength ~ MPa 480 351 sufficient}
{4-point bend} +40  +40 al, inter
Young's modulus  GPa 441 390
Shear modulus GPa 188 166
Poisson’s ratic - 017 017 hemit

Fracture toughness MPa.-mi? 34 33

(Ko, SENB) w03 +02 ;
: ar
* HP = hot-pressed, S=sintered ) Bero? C_
** The amount of free carbon is estimated from the equa- pounds. 1t s

tion O, = 1.28C,, — 28 agicous alkal

total
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The coefficient of thermal expansion as a func-
tion of temperature (¢ in "C) is

g 3016 x 1077 + 430 % 10774 -918 « {0442

Thermal conductivity decreases with tempera-

fure:

. C 25 200 400 &00 800
s Wm 'KTD33 R 23 19 16

However. B,C has low resistance to thermal
shock [26].

Boron carbide is a high-temperature p-type
.emiconductor. The width of the forbidden band
15 0.8 eV, The electrical conductivity depends on
the B:C ratio and impurity content. The specific
electrical resistance of B,Cis 0.1-10 &2 -em, 1e.,
of the same magnitude as that of SiC and graph-
ite {41, {27]. Boron carbide has a negative temper-
ature coefficient of resistivity, similar to other
ceramic materials. Boron carbide is notable for
its high thermoelectric power. which increases
with temperature [5]. Electronic properties. ie..
slectric conductivity. thermoelectric power, and
the Hall effect, were recently measured as a fune-
tion of B:C ratio by WrRHEIT et al. [13]. A
metal—insulator transition occurs at the com-
position B,C.

The nuclear properties of boron carbide are
such that it is a very effective neutron absorber in
most types of reactors [4]. The effectivencss of
horon as a ncutron absorber is due to the large
cross section of the 1°B isotope (& 4000 b). The
natural abundance of "B is 19.9 + 0.3 mol%.
The (n, z) reaction

B+ in — 3He + iLi + 2.97 keV

produces helium plus lithium — and no radio-
active nuclel. {In contrast, cadmium or the lan-
thanides do produce radioisotopes.} In addition,
the secondary gamma radiation is so small that 1t
¢an be ignored. The cross section is a linear func-
tion of the neutron energy and follows a 1/v
relation. The cross sections of boron over the
entire neutren energy spectrum, 0.01-1000 eV,
are sufficiently large to make boron effective in
thermal, intermediate, and fast reactors.

1.4, Chemical Properties
Boron carbide is one of the most stable com-

pounds. It is not dissolved by mineral acids or
agueous alkali; however. itis decomposed slowly
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by mixed hydrofluoric—sulfuric acid or hydro-
finoric--nitric acid. One technique of refining
B,C from free carbon and boron is based on the
differing oxidation rates of the parent ¢lements
and boron carbide. The boron carbide powder is
heated in a mixture of H,50,, HNO;, HCIO,,
and K,Cr,0- [28}.

Molten alkali decomposes boron carbide to
give borates. Boron carbide reacts with many
metal oxides at elevated temperature to give car-
bon monoxide and metal borides. Boron carbide
reacts with many metals that form carbides or
borides at 1000 *C. i.e., iron, nickel, titanium,
and zirconium. Aluminum [%] and silicon [29]
form substitutional compounds with boron car-
tide. Boron carbide withstands metallic sodium
fairly well at 300 °C [30] but is slowly etched by
hyvdrogen at 1200-C. At that temperature it
does not interact with sulfur, phosphorus, or ni-
trogen. Above 1800 °C it reacts with nitregen to
give boron nitride. Elemental carbon can be dis-
solved in B,C at the B,C-C eutectic tempera-
ture of about 2400°C. precipitating again on
cooling [{17].

Chlorine attacks B,C at about 600°C and
bromine attacks it at $00°C and above. These
reactions can be used to prepare boron halides.
Boron carbide can be melted without decom-
position in an atmosphere of carbon monoxide,
but it reacts in the temperature range 600-
750°C with CO, to form B,0; and CO. Oxida-
tion in air starts at 500°C and is severe at
8O0 — 1000 °C. However, the oxidative damage
depends 1o a great extent on the surface area of
the object, powder being attacked more severely
than bulk samples.

Detatled descriptions of chemical, mass spec-
trometric, and spectrachemical analysis of boron
carbide have been issued by the American Soci-
ety for Testing and Materials (ASTM) [31].

1.5. Production

Powder. The most commen method for
large-scale production of boron carbide is carbo-
thermic reduction of boric oxide:

28,0, 70—+ B +6CO

The process is so strongly endothermic,
1812 kJ/mol or 9.1 kWhskg. that it is usually
carried out at 1500-2300°C in an electric fur-
nace. Either arc furnaces or resistance furnaces,
anatogous to Acheson furnaces for SiC, are used

S
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[4]. The starting material is an intimate mixture
of boric oxide and carbor, e.g., petroleum coke
or graphite. Large quantities of carbon monox-
ide, 2.3 m%kg, are generated, and boron can he
lost by evaperation of B,0; at the high tempera-
tures. In the electrothermic process used by ESK,
a subsidiary of Wacker Chemie, the product is
cooled. and the unreacted outer-zone material is
removed to leave a fused coarse-grained boron
carbide of high purity: B plus € = 99wt %,
total metal impurity =<2 wt%. N plusO
5 0.3wt%, B:C mole ratio of 4.0-4.3. This
boron carbide is obtained in the form of regular
blocks, which are broken up and milled 1o pro-
duce the B,C grain size appropriate for final use.

if the carbothermic reduction 1s carried out below the
melting point of B,C, €.8., af 1600~ 1800°C, in a vented
graphite tube furnace siarting from a dehydrated mixture
of H,BO,. acetylene black or sugar, and ethylene glveol,
very fine-grained (0.5-.5 um}, stoichiometric B,C powders
are produced [32], ajthough productivity is low.

Boron carbide powders are produced directly
{r:0 need of the expensive comminution) by mag.
nesiothermic reduction of boric oxide in the pres-
ence of carbon at 1000- 1800 °C:

2B,0, +6Mg + ey B,C + 6 MgO.

This reaction is strongly exothermic. It is car-
ried out either directly by point ignition {ther-
mite process) or in a carbon tube furnace under
hydrogen [33]. The product is washed free of
magnesium oxide and unreacted magnesium
metal with hydrochloric or sulfuric acid and can
be further purified by heating under vacuum at
1800 °C. Since the MgO acts as a grain growth
inhibitor, ultrafine boron carbide particles on
the order of (.1-1.5 pm are obtained,

There are other methods of powder prepara-
tion:

1} synthesis from the elements
@+x0B+C B, O

2} reduction of boron trichloride by hydrogen
in the presence of carbon

4BCL + 61, + C s B,C + 12 HCY
3) chemical vapor deposition {34]
4 BCL(BBry) + CH, + 4 H, — B,C + 12 HCI(Br)

However, these methods are generally used only
on the laboratory scale for preparing high-purity
boron carbide crystals or coatings {4].

and Metal Borides

Dense Shapes. Self-bonded {35] boron car.
bide shapes having 100 theoretical density
small firal prain size. and high mechanicy
strength can be produced by hor pressing [36}.
This is accomplished by placing a loose powdey
Or a compact preform in a graphite die and ap.
plying uniaxial pressure of 16— 10 MPa at a tep,.
perature exceeding 2000 °C for $- 10 min. Inert
or reducing atmospheres are NECesSary 1o protegt
B,C and the graphite from oxidation, increasi;;g
the boron content to the composition B,.C, pae
been found to facilitate sintering by reducing the
necessary temperatures and to almest double”
the strength 137]. However, for boron-rich
B, ., .C compositions, SXpensive boron nitride.
lined graphite molds must he used, 1o avoid car.
burization resulting in formation of carben-rich
B,C [3g].

In 1977, ESK developed a process for preg.
sureless sintering of boron carbide, a process now.
used in everyday production [39]. The key obser.
vation, that carbon additives are extremely effec.
tive in inducing densification of BC was alsg | ¢
made by HeNNEY, Jongs [40] and Sczugg et al,
[41] almost simultaneously. The properties of
sintered B,C can be improved further by post.
hipping, ie, post-densifying by hot isostatjg
pressing without cladding f42]. Pressureless
tering and posthipping were recently develope

59 wt% SiC-37 wt% B,C—4 wt% C. This com
posite can be used in oxidizing atmospheres
to 1200°C. (Also see — Powc.i;:gMetaiil,xrg;y;,,-é s

1.6. Uses

The uses of boron carbide are descnbed
(41, t6}, (26], (27, [44].

Uses Based on Hardness. The major indus-
trial use of boron carbide is as abrasive grit or
powder. Commercial grits are available in
particle sizes from 1 um to 10000 pm and pre-
dominantly used as polishing, lapping., and
grinding media for hard materials, especially
cemented tungsten carbide and fine Ceramics.
Water and commercial oils serve as lubricant and
coolant, Avaiiable as a substitute for loose

g
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powders is B,C paste, which can withstand tem-
;peraturcs up to 350 C.

The second category is wear-Tesistant engi-
neering components made of dense, sintered
shapes. Boron carbide sand-blasting nozzles are
now the most common form of such a compo-
nent. These nozzles are characterized by min-
imurmn wear. even with corundum or silicon car-
nide grit. Sintered-B,C wheel dressing sticks are
ased 1o produce new cutting edges on surface
crains of grinding wheels with minimum wear.
éo-cz-zlﬁcd hand laps are used to render the cut-
ting edges of cemented carbide tools keen and
smooth. Mortars and pestles of boren carbide
are suitable for grinding hard matenals without
contamination from the grinding equipment.

Ultrahard substances are nonductite. This
factor. together with a density of only 2.5 gicm?,
is fully exploited in the use of dense B,C as
ceramic plates against armor-piercing bullets of
caliber up to the thickness of the plates [44].
Light-weight ceramic tiles have been used exten-
sively for the protection of helicopters: monge-
tithic breastplates. for the protection of person-
nel. Hot pressings made from a finer grade of
horon carbide are used in air bearings of inertial
navigation equipment.

Lises in Nuclear Technolegy [26], [45]. Boron
carbide is both cheaper and easier to fabricate
than the element boron itself. As a resuilt it has
found almost exclusive usage as a contro} rod
material. neutron poison. and a neutron shield-
ing material. The bulk density of vibro-packed
B,C powder, better the sintered density of self-
honded borom carbide pellets, or the '°B:''B
ratio can be varied to adapt absorber efficiency
to the specific conditions in thermal (BWR,
PWR}. high-temperature (HTR), and fas:
breeder reactors (FBR).

A '9B.enriched boron carbide, e.g., corre-
sponding to < 92mol% "B, is commercially
availabie; thus, the nuclear worth of an absorb-
ing element can be increased nearly 4.5-fold by
substituting enriched for natural material, with-
out 4 change in dimensions. The helium formed
during reactor exposure is partially retained
within the solid B,C as micrepores. but the irac-
don released { < 50%) must be accomodated by
some aspect of control assembly design. such as
a plenum within an individual pin or a reliable
pressure relief vent. The He and Li atoms, be-
cause of their relatively large size, cause some
radial swelling ( £ 10%) of the B,C pellets,
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in a tvpical thermal reactor the operating
temperature of the absorber is below 300 C.and
low-density { = 75% of theoretical density} B,C
peliet columns clad in metal sheets have proved
adequate for large-scale commercial use. I[n gas-
cooled reactors. boronated graphite containing
about 40 wit% B meets the high-worth control
rod requirements. Ceramic-based dispersions.
i.e.. combinations of relatively small amounts of
B.C in an mert matrix. exhibit smalier macro-
scopic neutren absorption cross sections but
swell less and release less gas. Sc-cailed burn-
able peison rods. which are consumed at the
same rate as the fuel, are commoniy designed
in this fashion. Examples are ALLO;-3vol%
B,C for water-cooled reactors and boronated
graphite {= 6 wi% B,C) for gas-cooled reac-
tors.

108 enriched B,C has been chosen as the
absorber for fast-breeder reactor control materi-
al. A potential alternative for future fast breeder
generations is '“B-enriched europium hexabo-
ride, which has better enginecring propertics and
which loses its absorption reactivity because of
108 burnup about 40% slower than B,C [46].
Carbon-bonded boren carbide plates (Tetrabor)
[47] provide for the closest possible arrangement
of spent fuel elements in high density inter-
mediate storage pools. Sizes range up to 300 mm
in length and down to 2 mm in thickness. These
shicld plates with > 50 vol% B,C usualiy con-
tain more absorber material than aluminum-
bonded B,C (Boral} and siicone-bonded B,C
plates (ESK-Elastosorb). Doors. windows, or
walls in laboratories where radioactive matter is
investigated are screened with B,C plates. Their
low density of = 1.6 g/cm® makes them excellent
for lining containers for nuclear fuel or any
matter radiating neutrons.

Chemical Uses. Boron carbide powder is used
to introduce boron into the surface layer of steels
and other ferrous materials {27]. [48]. This takes
piace by diffusion of borosn inte the surface
layer, resulting in the formation of a thin (10~
1000 um) but hard, wear-resistant layer of iron
boride. Fe,B. Vickers hardness numbers of
2400 HV-0.1. corresponding to tungsten carbide
or 2-Al,Q;, were measured on the surface of
high-atloyed tool steels. The surfaces of ce-
mented carbides (WC —Co. WC—-TiC —Ta(C —
Co/Ni‘Fe. and Ferrotic) and stellite altoys can
even be hardened further by boron [49]. Accord-
ing to the EKabor powder packing method
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B,C-5iC powder mixtures with added sodium
tetrafluoroborate activator are used.

Its high boron content makes B,C usefu] as a
raw material for the production of other boron
compounds, including the boron halides and
metal borides [4]. The exceptionaily high heat of
combustion of B,C makes powders with a mean
particle size of 2 pm useful energy carriers in
solid rocket propellants [4].

Other Uses. The thermoelectric properties
of B;;C, [50] are such that B,5C, could be an
interesting material for high-temperature ther-
moglectric conversion. Thermoelements made of
the couple B,C~C can be used for temperature
measurements up to 2300 °C [51].

1.7. Economic Aspects

ESK is the world’s largest producer of boron
carbide. The granular and sintered B,C products
of this company are seld commercially under the
trademark Tetrabor. The price of B,C is § 15—
75 per kg, depending on grit size. Annual pro-
duction in the non-communist countries is about
300 t, small compared 1o a SiC production of
500 000 t.

2. Boron Nitride

The elements boron and nitrogen, both
neighboring carbon in the periodic table, form
the 1:1 compound BN [f0043-11-5], which has
allotropes isostructural to the allotropes of car-
bon:

1) Alpha-BN, hexagonal modification with a
layered structure similar to graphite, some-
times called white graphite

23 Beta-BN, high-pressure diamondlike modifi-
cation, cubic zinc blende structure

3} Gamma-BN, dense hexagonal modification,
wurtzite stricture )

More detailed reviews of the properiies,
preparation, and uses of the various BN modifi-
cations are given in [$2]-{54].

2.1. Properties
Alpha-BN. The most commen form of boron

nitride is the graphitelike hexagonal, used in-
creasingly because of its unique combination

of properties: low density. 2.27 gicm?; high.
temperature stability, mp near 3000 °C; chemicyy
Inertness, especially its resistance to acids and
molten metals and its stability in air up 14
1000 °C and in inert gases like N,. Co, and Ar i

p
to 2700°C; stability to thermal shock; work.

ability of hot-pressed shapes; extremely low elec.

trical conductivity, whick makes it an excellent
insufator; and high thermal conductivity.

In thermal conductivity BN ranks with stain.
less steel at cryogenic temperatures and with
beryliium oxide, BeQ, at higher temperatyre,
Above 700°C the thermal conductivity of BN
¢xceeds that of BeQ. Boron nitride has a dielec.
tric constant of 4, one half that of «-Al, 0,
which also has high dielectric strength. It is 4
lubricant over a wide range of temperatures; itg
low coefficient of friction is retained up to
300°C. whereas other solid high-temperature
lubricants, e.g., graphite and molybdenum disul
fide, burn away well below 900 °C [55].

Because of its siability at high temperature
and inertness towards carbon and carbon mon-
oxide up to 1800°C, it is used as a refractory
ceramic. In this function it is superior to the nj-
tride ceramics SisN, and AIN and the oxide ce-
ramics MgO, CaQ, and Zr0,. It is not wet b
and thus is stable against attack by molten glass
molten silicon, boron, nonoxidizing slags, mok
ten salts such as borax and cryolite, and reacti
molten metals, including aluminam, iron, cop-
per, and zinc. Because it sinters poorly, dense
shapes of a-BN are produced exclusively by hot-
pressing. Typical properties of axial and isostati¢
hot-pressed BN are summarized in Table 2.

Most chemical and physical properties
axial hot-pressed BN shapes depend on
nature and amount of densification additives

(= 5 wt% B0, or metal borates) [53]. In addi- -

tion, the coefficient of expansion and thermal
conductivity as well as the flexural strength and
Young's modulus are anisotropic, they vary wi
the direction of hot-pressing, In this respect, BN
is similar to graphite. However, isostatic hots
pressing (HIP) of canned BN powder, a recent
development, produces pure isotropic «-BN
shapes of theoretical density. Such shapes pos-
sess superior thermal and mechanical properties
(see Table 2) {56].

Beta-BN. The cubic form of boron nitride,
#-BN, the commercial Borazon, resembles dia-
mond in crystal structure and other properties.
Pure f-BN is colorless and a good clectrical insu-
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