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ABSTRACT

The formation of boron ca;bide, (CBC)+B1{C;(BAC) is re-
viewed with-special reference to newer production:methoda‘and
fabrication technigues. Its crystal structure and the nature
of its bonding are discussed in relatioﬁ to those of other borideé
and carbides.

Information so far available on the sintering of this
material is summarised 4n relation to its reactivity. Sintering
into monolithic componentscan only be achieved by hot pressing
at pressures between 200 and 300 Kgcm-a and at }emperatures above
2000°C preferably at about 2,300°C for the most rapid achievement
of;the;retical denéity; i.e. pore free.

-High purity, stoichiometric boron carbide produced by the
magnesium thermal reduction of boric oxide in the presence.of carbon,
and of submicron average particle size, has been oxidised by hgating
in air. The work indicates that there is preferential oxidation of
boron at temperatures below 800°C; any oxidation.éf the resultant

carbon is inhibited by the product B phase. The measured acti-

203
vation energy éf 2};9 Kcals per mol supports this view.

Formation of mixed systems of titanium borides are described,
including both orthorhomic and cubic monoboride toéether with the
hexagonal diboride. These are formed when Fitanium alloys (alpha,

beta, and mixed alpha and beta) are coated with boron carbide and

heated to 1400°C under vacuum or inert atmosphere.

(11)
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I

SECTION 1, INTRODUCTORY SURVEY AND REVIEW

I.J. General discourse.

In spite of early historical applications, long history
of investigation and use, boron and its compounds have not been
extensively investigatéd until recent years. Studies of their
inorganic chemistry and metéliurgical science have been limited
by the relatively low concentration of the element in the earth's
crust, the specifity of its raw material sources. Also there are
difficulties @n conducting the appropriate investigations due to
the unique character of boron which occupies an intermediate
poaition between the metals and nonmetals in the Periodic c¢lassi-
ficatioen.

Boron, Latin name borax, is already mentioned in the
ancient works on chemistry and metallurgy dating from 800 A.D. in
connection with 1;3 use as a flux. In 1702, V. Goldberg described
the production of an acid from borax (sodium tetraborate) but
believed this acid to be a salt. 1In 1748, F. Baron proved that
borax is a salt of boric acid. In 1777, this boric acid was dis-
covered by G. Hoeffer in one of the lakes of Tua;ény.

Thq high affinity of boron for numerous elements, especially
for oxygen, made it impossible to iaolate pure boromn and its allqys.
+Ultimately, elementary b;ron was obtained, independently in 1808,
by Sir Humphry Davy and by the French chemists Gay-Lussac and
Thenard;

By far the most important investigations of boron and its
compounds were by Henri Moissan. In 1892, Moissan developed a
methog for_producing boron by reducirg boric anhydride with mag-

nesium, a method which is still in use at the present time. 1In




1899, he obtained a compound of boron with carbon, viz., boron
carbide, and subsequently the borides of chromium; titanium and
tungsten and those of silicon and boron steels.

In 1909, Moissan's research was continued by Weintraub
who discovered the semiconductor properties of boron, and by
Wedekind and Kroll who produced all the refractory borides known
at present.

A number of works on boron and borides were conducted in
the 1930's and 1940's by Becker, Agte, Moers and Andrieux. These
investigations developed the production of boron and borides by
deposition from the dissociated gaseons halides and by the elec-
trolysis of fused media. However, the basic feeearch on boron
and borides has been stimulated over the past two decades, by the
interest in heat resistant alloys containing boron and refractory
boridess fundamental work has been done by Kiessling (Switzerland)
Kieffer, Benesovsky, Hovak, Nowotny kAustria), Glaser, Schwarzkopf,
Binder, Blumenthal, Moskowitz, Post, Brewer (United States), and

. Samsonov, Neshpor, Umanskii, (U.S.S.R.).

The compound of boron with carbon produced by Moissép on
smelting boric anhydride with sugar charcoal in an electric arc
furnace was assigned the formula 56c from analytical results. It
was one of a number obtained by Podzus (1933), viz., BC, B,C,,

B,C, B,C and B,C. The product called boron carbide which had been

3

on the market some years as a metallurgical source of boron had

roughly the composition BC. However, Ridgway (Chipawa Plant,
Ontario, of the Norton Company of America) patented a process in

1934 for the production of a definite crystalline compound having

(2)




an average composition closely approximating the formula, th’
for use as an abrasive, This outstanding contribution laid the
foundations on which are built our present knowledge of the
boron-carbon system and of the related metal borides with all
their complexity and profuseness.

Studies of metal and nonmetal borides have been mainly
concerned with their preparation, characterisation, structure;
and physical properties; bonding has received some attention
but comparatively little is known about their chemistry. A
number of reviews have dealt in some detail with particular
aspects such as structure, preparation; and physical properties
for example, Schwartzkopf and Kieffer (1953), Aronsson et al.
4965), Post (1964), Hoard and Hughes (1967) and Thompson and
Wood (1963), but only those of Samsonov and Markovskii (1960),
Greenwood et al. (1966) and the recent review of Glasson and the
Author (1969) covers aspects of their chemistry as well.

The present work carried out during the period 1964 to
1969 in the John Graymore Chemistry Laboratories of The College
of Technology, Plymouth, and at the Works of the Bullock Diamond
Products Limited, Torpoint,Cornwall, concerns the production on
a semi-technical scale of boron carbide of a particularly high
purity and'in a highly crystalline state, Its reactivity is
studied with regard to (a) its homogeneous sintering with and
without additives, (b) its application to the formation of tran-
sition metal refractories and (c) the resistance of these
materials to oxidation, nitridation and hxdrolysiso This stimu-

lates from a need to produce abrasive-resistant surfaces on

(3)
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machine tools and similar articles for application in a large

number of industrial concerns,

I.2. The classification of borides, carbides and related materials

Data for the properties of many refractory borides, carbides,
silicides, etc., have been collated and reported by a number of
workers in their respective fields, namely Schwarzkopf and Kieffer
(1953), Campbell (1956), Gangler (1949), Warde (ca. 1950), Finlay
(1952), Bradshaw (1958), Hiester (1957), Lange (1960) and others,
However, the most truly comprehensive collations are by Shaffer
(1964) and Samsonov (1964); in particular the latter is extremely
valuable as it covers otherwise unpublished or obscure material by
the author and other workers in the U.S,S.R.

It is difficult to define the term ‘refractory compound'
since any subdivision into refractory and non-refractory compounds
is arbitrary and presupposes the fixing of some meltihg-point
-boundary, above which, chemical compounds are considered-to be re-
fractory. Such a boundary has been repeatedly established and has
gradually been shifted to regions of higher and higher temperature,
from 1000°C in the second half of the last century, to 2000°C in
.the first half of this century, and often currently is .assumed to
be 3000°C.

Nevertheless, the expression ‘refractory compound' is now
gradually losing its original meaning and is becoming deeper and
more fundamental, encompassing a whole complex of properties, in-
cluding high hardness, brittleness, and heat of formation, as well
as specific electrical and magnetic properties as determined by

the electronic structure of the corresponding compounds and the

(4)




position of their components in the periodic system of the ele-
ments., Thus, a refractory compound need not always be one of
high melting point, but may denote a substance possessing a com-
bination of other properties; e.g. high hardness, low vapour
pressure and rate of evaporation, and resistance to chemical
attack, The principal tenor of the concept of ‘refractiveness'
is ‘increasingly becoming the character of the chemical bond be-
tween the component atoms of the compounds, which is mainly
metallic or covalent with a small degree of ionic bonding. Such
types of bond occur as a rule (i) in compounds of metals (mﬁinly
transition metals or metals similar to them, according to a number
of criteria) with non-métals of the type boron, carbon, silicon,
nitrogen, sulphur, phosphorus, etc., not having ionization poten-
tials high enough to produce ionic bonds, (ii) in compounds be-
tween nonmetals and (iii) in certain intermetallic compounds.
Compounds of the first class are conveniently called
'metal-like' refractories; a necessary condition for the forma-
tion of metal-like refractories is the participation of incomplete
d and f electron levels, i.e. a transition metal characteristic.
As a qualitative criterion, Samsonov (1953, 196&) proposed the use
of the.quantity, 1/Nn, where n is the number of electrons in the n
incomplete level, signified by the principal quantum number N; another
factor is éhe ability of atoms of the nonmetal to donate valence
electrons, given by the magnitude of their ionization potentials.
The electron density between the atom cores in the crystal lattice
and its distribution depend on the values of n, N and I.P. nonmetal;

an increase in 1/Nn (acceptor capacity of the metal) produces a

(5)




displacement of the electron concentration towards the metallie
atom for a constant donor, whereas an increase in ionization
potential of the nonmetal for a constant acceptor produces a
displacement towards the nommetal with a corresponding ipcfease
in ionic character. Thus, variations in the values of 1/Nn and
I.P; nonmetal produce diversity, but for a binary system the
number of combinations are not infinitely large. This in turn
determines the continually discrete character of the variation
in the type Bf bond, and, correspondingly, of the physical and
chemical properties of this class of compounds in which the
chemical bonds are heterodesmic.

Borides, where the boron atoms are isclated from each
other (MZB)' have the boron valence electrons predominantly in
the free d levels of the metal atom. In the more complex struc-
tures, having chain and network structures of boron, the nonmetal
valence electrons are mainly expended in the formation of covalent
catenated bonds and a smaller proportion is transferred to the
general electron aggregafe, symptomatic with metallic bonding,
Conversely, in carbides the proportion of metallic bond increases
as the result of the higher ionization potential of carbon, and
they possess typical metallic properties., Silicides follow more
closely the behaviour of borides, while nitrides tend to be ionic
and compare more closely with oxides,

The second class of refractory compounds is formed by'com-
poynda of nonmetals with each other or the so-called nonmetallic
refractory compounds; all of these compounds, like the metal com=-

pounds, are characterised by a heterodesmic character of the bond,
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but with predominance of the covalent bond, and they have semi-
conductor properties as well as high electrical resistance at
room temperature; as a rule, these compounds have a structure
with layer, chain or skeletal structural groups, and either melt
with decomposition or decompose before reaching the melting point.
Table I1.2.1 shows a number of currently known compounds of

this class.

TABLE I.2.1,

Jonisation
Element| potential, si B S p c N
ev. '
Si 8.14 si | si B |si s| ssP sicC Si.N
N x X 34
B 8.28 BSi [®B Bs|Bp B C BN
X X X X
\ \
S 10,42 S Si Bs [B3s |sp - -
x x ~\E$x
P 10,43 SiP BP |sp| P - -
X X \4\
c 11,24 sic B C - - ¢ -
. : (diamond)
N 14,51 si,N, BN - - - -

In crystals of the elements situated along the diagonal, in-
dicated by the arrows, the width of the energy gaps increases in the
directioﬁ of the arrows, while in the compounds formed between these
elements-it may be assumed that there will be an increase in the pro-
portion of ionic bond with increase in the difference in ionisation
potentials of the components (from SixB to SiBNh’ from Sijl\ll+ to BN,
etc.). Finally, three elements of the periodic system occupy an in-
termediate position with regard to the ability to form refractory

metal-like and nonmetallic compounds, despite their low melting

(?7)




point and high vapour pressure. These elements, beryllium,
magnesium and aluminium, are capable of forming fairly re-
fractory semiconductor compounds, with nonmetals, for exXample,
beryllium, magnesium, aluminimum borides, aluminium nitride,
magnesium silicides, etc.

The third class of refractory compounds of metals
with each other - intermetallic compounds, has recently been
discussed in depth by Westbrook (1966}, and include beryllide,
magnide and aluminide systems of other metals.

On the basis of this classification, it is possible to
explain a number of the properties of refractory compounds and-
also the direction of their variations, such as their thermal
and chemical stability, their mechanical properties such as
hardness and strength, and of course their electrical and optical
properties.

In the present work only data of certain compounds of the
second class are considered, unless there is a specific need to
compare such data with that of compounds of the other two classes.

I1.3. The structural properties of the boron carbides and
related materials and their application

The covalent radius of an element coupled with its ionisa-
tion potentials serve as a qualitative indication of the nature
of its bonding in both catenate and alternate modes. Both para-
meters must be treated with reserve., Covalent radii are average
values from a number of compounds or are a specific value for the
element in a particular allotropic form; e.g. carbon in graphite.

or in diamond, and indicate the contribution of the element, in

(8)




terme of bond length, to the covalent bond formed between two
elements. The term "ionisation potential" is.the.eﬁergy for
éhe removal of the outer-most eléctron to infinity, from an
atom in the gaseous state} x:ievertheless9 they show the contri-
bution, in terms of electron demsity, to the covalegt bond,
The use of the covalent radius of an element to give a
definitive indication of an 'interstitial' compound from its
ration with the host element, has been applied rigorously by
Higg et al (1930). In the case of refractory coﬁpounds of
the second type formed by atome of comparable size and ioni-
‘sation potential, such a classification has no rélevancea
Table I.3.1. showa the accepted covalent radii for

related elements and the ratio of these values to one ancother,-

TABLE I1.3:1,

The covalent radii of some light elements
forming refractory compounds

B A1 C Si N

covalent
radius

B 10.811 1,000 | 1,439 [ 0,939 | 1.354 | 0.915
A1 26,9815 0,695 | 1,000 | 0.653 | 0.941 0.636
c 12,.6111 | 1.065 | 1.532 | 1,000 | 1.442 | 0.974
Si 28;086 0.739 | 1.063 | 0.694 | 1.000 | 0,676
N 14,0067 1,093 | 1,573 | 1,027 | 1.480 | 1.000

(9
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Table I.3.2, glves the composition of the refractory
compound under discussion as represented by 'ideal' stoichio-
metric formulations, and it should be noted that many of these
compounds exist in a form-having the same crystal structure
(Table I.3.3.) for a wide rangé of compositions, i.e. the so-.

called homogeneity range.

TABLE I.3:20

The compositions of some related
refractory compounds

'metalloid' ¥ content %

Phase  Formulz weight __% atomic___ = _weight _
A1B10 135.18 g/mole 90,91 80,05
A1B12 156,82 92,31 82.80
mhc3 143,95 42,86 25,03
A1N 40,99 50,00 34,18
B13c2 164,68 86.67 85,40
B12c3 165.87 80,00 78 .68
3631 92.95 14,29 30,22
"B, 51" 71,37 20,00 39,36
' B,S1 60,52 25.00 46,39
BN 24,83 50,00 43,57
SiC 40,07 so;oo 70,05
313N4 1‘*0022 . 4206' 600 06

¥ the most electropositive element

i.e. - the foremost element in the
phase formulation

(10)




TABLE

153030

Crystal Structures of some refractory compounds

Phage- -.|. Unit Call. ~:£2:; - St;;;:uref af b & c R o d c/a Reference | Year
A1B,, | Rhombic ——— .- 8.881 | 9,100 5.690| -- - Cohn et al | 1948
A1B,, | Tetrag, Dﬁ - Ph 2, .- 10,161 | == | 14,283} -- Aol " "
A1B,, | Rhombic Dgg - Inma - 12,34 |12.631] 10,161 -- -- " [
A1,C; | Rhombohed. ng R3m (41,0, 8,55 | -- —— | 28%197 | - | stackelverg| 1934
AN Hexagonal Cgv - CémC ZnS 3,104 -- 4,965 -- 1,600 | Bokii 1954
B,5C, | Rhombohed ng - Rn | BC 5,598 | == | 12,12 | == | 2.165 | zhdanov 1954
B,,Cs " ngd - R3m B,C 5,630 | == | 12,19 - 2.16 n 1954
BgSi Rhombic -—— -—— 14,392 | 18.267] 9.88 -- - Cline 1959
B,S1 Hexagonal ng - R32 B,C 6,330 | == | 12.736| - 2,012 | La Place 1961
B,S1 Tetragonal -—- -—- 2,829 - 4,765 - 1.63 | Samsonov 1955
BN Hexagonal D;h - Pén” |Graphite | 2,50k [ - | 6.674| -- | 2.665 | popger 1958
S1C IV| Rhombohed, cgv - R3m --- 17,718 | -- - | 9%s8 - | Bokis 1954
S1C VI " cgv R3m ——- 27.759 | -- -- |6%1.,5'| -- | Bokii 1954
S1C Cubic F.C.|T5 - Fi3m | 2zaS 4,358 | -~ - -- -~ | Bokii 1954
Si3N“ Hexagonal C;v - H3C - 7.76 - 5.64 - 0.725 | Narite 1959
S:L}Nu Hexagonal D; - P63/m -—- 7.59 - 2.92 - 0.385.| Narite 1959

(11)
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The crystal structures of the refractory compounds given

i

in Table I.-3u.3ae discussed in more detail in Section I.4, and
Sectiom 2.2, o
their indexing by X-ray diffraction in Appendisn—IIT,
Table I.3.4 gives the temperature stability range of

these phases, unless a range of values is actually given, the

temperature given is the maximum of the stability range.

TABLE I.3.4,

Temperature stability ranges

Phase Temperature
etabiligy Reference Year
.......... range, _C_ mr— v ——— ———
A1B, 1660 - 1850 Serebryanskii 1961
A1403 2100 Slavinskii 1952
AN 2230 - 1958
31302 2480 Vuillard 1959
31203 2350 " 1959
- ofSicC 7 2100 Sansonov 1959
gsic 2650 . " 1959
of BN 3000 Sindeband 1950
) 04513Nu © 1900 - 1958
d FSi3N4 1900 - 1958 :
B, S1 1370 Matkovich 1960
BgS1 1370 " 1960
I
C pyrographite 3652 - f 1959

(12)
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I.4., The erystallo-chemical structuré of the boron carbides

To understand the complex structures found in these materials
requires a detailed knowledge of the element itself; Boron has an
extra-nuclear structure of five electrons, In the ground state two
of these are in the K-shell and the remaining three valence elec-
trons occupy four low-lying orbitals which are available for bonding;

the boron atom is thues electron deficient,

B.5 1 11 1

i 18 2s 2p
In the solid form the element does not assume the usual metallic

state encountered in such cases, but rather it crystallizes into
a variety of polymorphic forms,.all of which are extremely hard
semiconductordgs.

In the majority of the nonmetallic elements where catenation
of like atoms or alternation of dissimilar atoms take place, viz.,
two-centre bonding, the bond consists of an orbital embracing the
two atomic nuclei and containing the maximum of two electrons. It
is often necessary to invoke 'hybridisation' of the atomic orbitals
to e;plain the co-ordination maxima and stereochemistry of these
elements., However, in the case of poron, polycentred bonfs are the
rule both in catenation and alternation; e.g., threé boron atoms in
a trigonal plane are bonded together by a three-centred orbital em~
bracing the nuclei and filled by only two electrons; such economy
allows for further bonding by each atom. The wave mechanical opera-
tion (after Lipacémb 1958) takes a linear combination of the avail- ;

able 258 and 2p atomic orbitals, viz :-

(13)
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A4

3-centred
'closed'
molecular
orbital

N hybrid
atemic e

orbitals

Higher-centred bonds are possible involving four, five, six and
even twelve boron atoms; e.g., in the common B12 structural unit
the atoms are located at each vertex of an almost regﬁlar icosa-
hedron (Fig., I.4.1); each boron atom is involved in three-centre
bonding with its five immediate neighbours and in a twelve-centre
bonding with these and the remaining six atoms, requiring 26 of the
36 electrons available for the intra-icosahedral bonding, 1In the
eimpler rhombohedral form of boron, the ten remaining electrons
are required for extra-icosahedral bonding'of the twelve atoms to
neighbouring icosahedra (six in three-centre bonding and six in
two-centre bonding). In cases where the extra-icosahedral  bonding
are all of a two-centre kind, donation of two electrons to give a

2- 2-

2+
42 o6nion is needed (e.g. B,,” CBC"")

-]

B

(14)
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Figo Icue‘to

The icosahedron shares with the tetrahedron, the octahedron
and the dodecahedron the diatinctipn of being one of the five regular .
convex Platonic polyhedra; all are ;;g;ahedral with regular polygons »
as faces and possess a set of equivalent vertices which lie on the
surface of a circumscribed sphere. The icosahedron has twelve vertices
with five edges and five faces at each vertex, the thirty edges defin-
ing twenty equilateral triangles. It is a highly symmetric structure
element, endowed with considerably more symmetry than can be utilised
in a three-dimensional crystallographic array, having 31 rotational
symmetry axes, 15 twofold axes connecting centres of opposite edges,
10 threefold axes connecting centres. of opposite faces, 6 fivefold
axes linking opposite vertices, 15 mirror planes passing through
opprosite edges and is centrosymmetric. Eliminating redﬁndancy leaves

a collection of symmetry of order 120; this constitutes a non-

(15)




crystallographic point group comparable to the crystallographic
point group of highest symmetry Oh - m3m of order 48, which
describes the symmetry of the cube and the regular octahedron,
Fivefold rotation is not utilised in two or three;dimenaional
reriodic networks. A molecule or group possessing this symmetry
can use any other crystallographic symmetry it might Possess or
it can be propagated as an antisymmetric element in a general
position by the translation symmetries; in either case, the
extent to which it simulates fivefold symmetry is a measure of
its internal rigidity while interacting with external neighbours
must induce some distortions. Since these are small in even
strong intericosahedral linkage it is possible to discuss the
structures in terms of dimensionally regular icosahedra., They
are not only complex because of the various detailed accommodations

that must be made, but are also characteristically rather open

networks, with regularly spaced holes large enough to contain metal

and other impurity atoms. Moreover, the structures are susceptible
to modification by inclusion in the three-dimensional frameworks

of additional boron or other atoms in positions that relieve the
strains impesed by the difficulty of propagating the pentagonal
structure elements. An icosaheéron provides an extremely efficient
way of packing twelve spheres about a point very little different
from the packing a twelve spheres around a central sphere as in ]
cubie close-packing'exeept that the cavity in an icosahedron has

a diameter of 0,90 that of the sphere, rather than unity., This
reduction of the interior volﬁme (by about 30%) results in a

serious loss of external three-dimensional packing efficienecy.

(16)




Within a B12 icosahedron each boron atom forms five bonds
symmetrically disposed to a fivefold axis of symmetry. In three-
dimensional framework structure each boron atom characteristically
forms one additional bond directed outwards towards an atom in
another icosahedron or towards an interposed framework atom giving
a co~-ordination number of six for each atom; the preferred co-
ordination polyhedron for a boron atom is a pentagonal pyramid
" (Fig. X.4.2.) the bond to the five atoms in the base are 60° apart
and are inclined at 121°43' to the bond along the unique axis. The

leﬁgth of the unigue bond varies between structures,

Fig., I.4.2,

According to the results of X=ray diffraction analyses by
Zhdanov and Sevastyanov (1941), and by Clark and Hoard (1943), the
original description of the boron carbide structure was based upon
single erystals with a stoichiometric composition th corresponding
to the traditional formulation of the principal compound-in the
boron-carbon system. This B/C ratio was satisfactorily achieved

"with two structural elements - a B, icosahedron and a linear c3

(17)




group in a primitive rhombohedral unit cell.:- All essential
features of the structure remain intact over a wide composition
range; variations in composition are accommodated by interchange
of boron and carbon atoms at appropriate points in the framework
and perhaps in some cases by inclusibn of extra atoms in the open
structure, Moreover, it appears that the only congruently melting
compound in the system is not in fact B1203;Buc)jbut is rather the
thermally more stable B12(CBC) where the linear C3 group is re-
placed by a linear C - B « C group. Recent work indicates the B#C
composition to be in fact (B11C) (CBC), nevertheless this refine-
ment does not affect a discussion of the basic structure.

The icosahedron depicted (Fig, I.4.1.) in a projection along
the threefold axis is labelled to distinguish between two classes
of a£oms (vertices) rhombohedral and eguatorial., The rhombohedral
atoms r and their centrosymmetric mates r subtend at the centre of
a vector triplet which will be used to define the direction of the
rhombéhedral axes. The vectors are of equal length and directed
along the icosahedral fivefold axes and are all inclined to each
other at the angle 63°26' (more precisely arctan 2), It should pe TS
noted that a rhombohedral lattice defined by an angle of exactly
60° corresponds to a face-centred cubic array of lattice points.

The remaining six atoms in the equatorial positions, e and e, link
in a staggered belt around the equator of the icosahedron. The
atoms lie at the vertices of a flat triangular antiprism, the five-

fold axes traversing the vertices are only slightly inclined

(10°50') to the equatorial plane,
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In the boron carbide structure (primitive rhombohedral unit,
space group RBm) a 312 icosahedron is centred at each lattice point,
appropriately oriented with respect to the cell axes to conform
with the required symmetry Em(DBd)° In each B12 the r atoms lie
almost directly along the rhombohedral axes and are bonded to the
equivalent atoms, r of the unit centred at the adjacent lattice
points. The resulting rigid three~dimensional framework involves
exactly half of the boron atoms in direct inter-icosahedral bonds
each formed along quasi-fivefold axes of icosahedra.

No diregt lateral connections exist between equatorial
atoms in adjacent icos;;edra; all such bondings must be effected
through additional interposed atoms which are required to complete
the framework., With this arrangement of icosahedra a subétantial,
cavity is created at the centre of the cell along the threefold
axis; the cavity is surrounded by an octahedral array of B12 units,
three above the centre and three below. The quasi-fivefold axes
traversing the equatorial atoms, e, of three of these adjacent
icosahedra meet precisely at a point on the threefold axis about
1.6 R from the equatorial atoms and 1.4 2 above the centre of the
cell; a corresponding intersection involving the equatorial atoms,
e, in the other three icosahedra.occurs 2.8 & away, below ihe
centre of inversion. An atom placed at or near this intersection
not only stabilizes the rhombohedral framework but also satisfies
the preferred coordination geometry for all the equatorial atoms.
It is requ;red only to form three bonds to boron at a reasonable
distance of 1.6 R and at approximately tetrahedral angles and to
link across the 2.8 it span, i1f necessary through a collinear third

atom at the centre.
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The geohetric constraints specified above play a pro-
minent role in determining the possible structural modifications
of the boron cgrbide structure, they are satisfied by not only
& C =~ B ~ C chain but by a variety of other nonmetal atoms.

A number of secondary considerations also permit varia-
tions in the s£ructure without violating the basic framework.

For example, the framework encloses two hovles per unit cell each
large enough to accommodate an extra atom. They are located on
the threefold axis just above and below the central chain. Den-
sity and stoichiometry can be modified by partial inclusion of
extra boron, carbon and other atoms in these holes particularly
for systema.prepared under conditions far from equilibrium,
Another structural degree of freedom involves the partial sub-
stitution of a limited number of icosahedral boron atoms by such
divergent elements as carbon, silicon and perhaps beryllium, the
subgtitution is driven by electron deficiencies in the icoaahedrgl
framework as well as geometric constraints,

The foregoing description of the boron carbide structure
has been idealised in terms of perfectly regular icosahedra; in
fact, the approximations are quite good, but a number of small
deviations do occur. The essential features of the framework are
shown in Fig. I.4.3. which represents a section of the structure
viewed down a threefold axis, Regular icosahedra with 1,80 &£
edges bonded rhombohedrally at 1,80 & would be separated by
5.22 § at an angle of 63°26', The rhombohedral lattice constants

‘of boron carbide are a = 5,167 % 0,003 & and ot = 65,60°% 0.05° or

(20)
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Fig. 1.4.3.

a_ = 5,58 % and Co = 12,00 & for its hexagonal cell containing
three rhombohedral unit structures, (Fig. I.4.%4.) and the ob-
served boron-boron distances range from 1,72 to 1.80 R.

The intra-icosahedral bonds are all very close to 1,80 ):
except for a slight constriction around, Thé rhombohedrally
directed inter-icosahedral bonds are 1,72 R considerably longer

than the 1,60 & equatorial bonds to the carbon atoms (covalent

(21)
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(v) Rhombohedral unit cell of i
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radius carbon (SF3) = 0,77 g, covalent radius of boron (equatorial)

= 0,86, thevcalcﬁlated boron-carbon bond becomes 1.63 %),

I.5 BORON-CARBON system in detail

The varipns structural data so far reported must be considered
carefully, as it is already quite evident that the thermal treatment

accorded to a reacting mixture of specified composit;on is of major

L R

consequence in determining the nature of the productn The role too
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of possible critical impurities, for example, aluminium, requires
detailed investigation. Thus, Glasser et al (1953) report on the
products obtained by heating various mixtures of boron and carbon

to approximately 2000°¢C involving sihtering into composites. Hoard
and Hughes are critical of their results as the temperature proba-
bly falls short of fusion for any composition in the boron-carbon
system; thermodynamic equilibria were not achieved and the compo-
sition range of interest, & to 28 atom % of carbon, extended at
both ends beyond the range of thermodynamic stability. Allen (1953)
recorded density and X-ray powder data for three compositions; BQC,

and B,C, and took the composition th to represent the unique/.

B,,C
17°3 7
choice for a true compound. He assumed substitutional solid solu-

tion, 1i.e, boron for carbon in the ideal B1203 framework in the

rhases B1763 and B?C. Samsonov et al (1960) describe a still
evolving phase diagram for the boron-carbon system; in the compo-
sition range, O to 28 atom ¥ of carbon, two compounds are reported,

melting congruently at about 2450°C and B melting incon-

B3¢, 12%3
gruently at about 2350°C° More recent work by Vuillard (1968)
using more refined techniques gives the values as 2480°C for the

melting point of B and states that th is completely fused at

13c2
2360°C. The phase diagram for the boron-rich part of the system
has been established by Dolloff (1960) and refined by Elliot (1961)
(Fig. I.5.1.); it is reduced from 4-28 atom % of carbon (Glasser
e ‘q@:

1953) and 6-24 atom % of carbon (Samsonov,1960) to approximately
8-20 atom % of carbon, corresponding to a mean value equivalent

to B ,C, and to an upper limit of th. for the composition range

1372
of the rhombohedral boron carbide phase.

(23)
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It should be noted that the rhombohedral alpha boron
which has the simple boron carbide structure is not stable at
these elevated' temperatures, and it is the complex beta form
of the element which exists, and that the eutectic,containing
only 3 atom-% of carbon melts at 2100°C,on1y a little lower
than the 2370°C for pure B-rhombohedral boronm (Vuillard 1963).

The possibility of another compound (presumably as a

peritectic) being interpolated between the eutectic and the

(24)




B_'zc2 compositions, is téntatively put forward by Samsonov et

al (1960) on the following basis.

A plot of e;ectriCal resigtivity against composition
shows a series of maxima at B1203, B13C2 and B13C, of which the
second is by far the most prominent; a similar pPlot of thermal
E.M.F., shows a sharp deep minimum at 31302 accompanied by maximum

at B and B13C (probably a necessary consequence of the minimum

1203 .
at B130é)° The data carry conviction for the B13C2 composition,
but are only suggestive of possible compound formation in the
other-two cases.

In their re-investigation of crystalline B,C, Scott et al
(1964) have utilized three-dimensional counter-recorded X-ray data
comprising the larger part of that measurable with'ﬂaxui radiation.
The density of 2.52 g./cc. and the lattice constants a = 5,167 2
0,003 %, = 65.60 2 0,05°, are typical of a B,C composition.
Fourier difference-aynthesis shows that true interstitial holes
are not used by extra atoms; it shows also that there is a deficit
of electron density associated with the central position in the
triatomic chain that amounts to rather more thﬁn one electron for
. occupancy of this position by a neutral carbon atom. The inte-
grated electron densities for all peaks in the Fourier synthesis
are suggestive of either of two theoretically significanp forgu-
lations: I. c32"3122' - or - II, (CBC)*(B,,C)7; in either case
the icosahedron is formally assigned 38 valence shell electrons,
the chain 10. The analysis generally speaks for a transfer of

negative charge from the central atom of the chain to the icosa-

hedron, very roughly estimated as 1.8 to 0.8 electroms according

(25)




to whether the central atom of the chain is a carbon or a boron.
The nearly insignificant anisotropy in the apparent thermal

motions of the terminal carbon atoms in the chain strongly suggests
that the chains approach structural and consequently chemical
homogeneity - that the chains are predominantly either 03 or CBC,
with little mixing of the two. Interpretation of the structural
data on the basis of CBC chaimns and B11C icosahedra (in which the
carbon atoms are randomly distributed among the twelve positions)
is quite straightforward and unforced as compared with the classic
alternative using C3 c¢hains and B12 icosahedra (the latter being
inconsistent with the N.M.R. results obtained by Silver and Bray
(1959) for similar material), Consequently, it appears that an
ordinarily well-annealed boron carbide of Buc composition is
structurally to be formulated, at least in first approximation,

as (CBC)+(B11C)- to indicate probable charge transfer and is
considered to be energetically preferred.

Revislion of the theoretical discussions of electron dis-
tribution is not required; the electron counting of a boron
carbide of B, C composition, written as 032+B122- after Lpnguet_
Higgins and Roberts (1955), or as the more probable (CBC)+(B11C)-
after Scott et al i8 2 + 2 (4) + 38 = 48 electrons. The formal
charge transfer is in either case from th; central atom of the
chain to the icosahedron, although this does not mean that the
central atom of the chain is thereby limited to a pair of opposed
collinear sigma bonds. Either theoretical model is compatible
with-the predicted and observed semi-conducting behaviour of a

B,C composition (Yamazaki, 1957); in fact, the model which

(26)




minimises the charge transfer should be energetically preferred.

In contrast, 13 2 is the one boron carbide composition

el SR H=as (e BQ}+3”5 f$éhjoye. unambi guous - status as a-realigable

e

ordered chemical compound; the electron count is inevitably one
electron short of the theoretical requirement for a closed shell
or filled bond configuration. Therefore, theoretically B1302
should display metallic conduction by 'positive holes', but in
fact it is shown by Samsonov et al (1960) to have a higher
resistivity than BQC. This suggests the inference can be made
- that thg,fholegf;grghngn—cppdqggévesyy peing'gggpgedﬁwiﬁhin the
icosahedra, restricting conductivity to n-type (electron conduc-
tion). |

Studies by Tucker and Senio (1954, 1955) of neutron irra-
diated boron carbide (of B,C composition) demonstrate the extra-
ordinary resistance of the three-dimensional framework to extreme
ﬁnltreatmént. Virtually all the B - 10 nuclel are transmuted by
neutron irradiation to He - 4 and Li ~ ? nuclei (15% of all atoms
present) yet the more fundamental characteristics of the boron
carbide structure are clearly preserved, although there is expan-
sion of the a, axis of 0,89% and contraction of the Co axis of
1.38% as well as an intensification of the anisotropic thermal
effect which is six times as strong in the Co-direction as in
the a_ direction together with changes in the average positions
of certain of the lattice atoms and very heavy diffuse séattering.

Nevertheless, most of the damage to the residual framework is re-

paired by rather mild annealing at 700 to 900°C.
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~That the boron carbide structural type, aided perhaps by
a partial filling of interstitial holes and/or a rather free use
of framework vacancies, should accommodate a variety of composi-
tions ranging from the highly boron-rich to the moderately carbon-
rich extremes, appears rather less surprising in view of the
Tucker and Senio studies. As noted by Clark and Hoard (1953)
carbon in excess of the 20 atom=% required for BAC occurs as
graphite, and it is suggested that only quenched compositions
might retain a higher content of carbon in the boron carbide
phase. Lowell (1966) has shown that at the carbon-rich end
of the boron-carbon system over a temperature interval of 1800
to 2500°C,hbor6n occupied one of two possible sites: (1) an
interstitial position in the centre of the hexagon formed by
the carbon aébms -or- (2) a substitutional position replacing
a carbon atom, The maximum solubility of boron in graphite is
given as 2,30 atom % at 2350°C (the fusion maximum of BQC) and
a tentative phase diagram (Fig. I1.5.2) shows solid solution
over only a very small arca. The effect of boqqn.dissolved in

graphite oanLe lattice constants of the latter, are summarised

(Y

by the following equations :=-

= 2.46023 + 0,00310Ky, 2

P
!

c

o = 6:71163 - 0,00594Kg, R

where KB is the atomic fraction of dissolved boron.
Hence, it appears that the range of s50lid solution forma-

tion extends principally to boron-rich compositions.

(28)




Figure 1.5.2,
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.I.6(a) Compounds of General Boron Carbide Structure type

The materials listed in Table I.6.1, are sometimes called

'interstitial compounds ofel -boron',

as by the concept formulated by Higg (1929) and scrupulously ob-

served by the Uppsa
lattice constants a
boron) remain virtu

- which geometrical

quasi-spherical atoms of the host, are filled partially or wholly

la workers to this day, requires that the
nd the volume of the host phase (in this case
ally unaltered; the small holes - the interstices

ly interleave the crystalline arrangement of

(29)
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Material

ol -RhB

Model

TABLE

1.6.1

CRYSTALLINE MATERIALS OF

GENERAL _BORON CARBIDE STRUCTURE _TYPE
(HOARD, 1967)
Rhombohedfal Hexagonal Relative
Cell Cell Volume

a,Rk a8 c.& VA v/Vy,
5,057 58° 4 4,908 12,567 ONE 0,855
5,12. 63°26¢ 5.38 12,23 1,17 ONE
5.14  62°56¢ 5.37 12,31 1,17  1.00
5,174  65°30° 5.598 12,12 1,25 1,07
5.204  65%°29¢ 5.630 12.19 1.28  1.09
5.19  67°56¢ 5.80 11,90 1.32  1.13
5.248  69°31° 5.984  11.850 1.40 1,20
5.319 70%32° 6,142 11,892 1,48 1,26
5.592  68°49¢ 6,319 12,713 1,67 1,43
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by the sufficiently small atoms of the interstitial component.,
This is wholly at variance with the boron.carbide structure,
where the effective volume of an 'interstitial' chain atom is
fully as large as that of a 'host’ atom. Even more important
ié that the required continuity of phsase betweeng{ rhombohedral
boron and the boron carbide compositions is lacking; instead,
the composition range for solid solution on the equilibrium
diagram terminates at the boron-rich end in a eutectic with
p-rhombohedral boron at a temperature some 900°C higher than
that at which the thermal instability of theo(-rhomb;hedral
polymorph is manifcst.

1,6.1. oCRON-OXYGEN system

For the material described as Bé 60 (Tatle I.3.,1) la

Pm
12 rather

than the apparent (0B02+B122-)on the basis of density measure-

Place_and Post (1961) prefer the formulation 022+ B

ments. The former is more in keeping with the Longuet-Higgins
criteria for eleétron counting and suggests that the oxygens,
while filling the 'carbide' lattice site, are not bonded to one
another but each form three bonds to icosahedral boron atoms.

I1.,6.2 'ORON-SILICON system

The preparation of BGSi and BBSi as definite compounds
was first reported by Moissapn and Stock (1900), Cline (196Q)
and Adamsky (1958) have characterised the orthorhombic Bssi;
the compound is black, opaque and very hard with a density of
2,43 g/cc. and is semiconductive, The orthorhombic structure
is thought to contain 40 Bssi‘s in the unit cell. The detailed

study of 3381 by Magnusson and Brosset (1962) not only supports
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the Moisson and Stock formula, but strongly suggests that this
compound is representative of the numerous preparations to which
other investigators (Colton 1960, 1961); Matkovich (1960) and
Rizzo et al (1960 a) have assigned the formula, B, Si. 'A careful
chemical analysid, by Rizzo and Bidwell (1960 b) and phase
equilibrium studies by Knarr (1960) give the empirical formula
BBSi° The compound melts incongruently at about 1400°é to give
B6Si + Si,

The atomic¢ arrangement is crystalline B_Si is of genera-

3

lised boron-carbide type, with Si_ replacing C-B-C chains and

2

with B as the composition on the average, of the icosa-

10.5°%1,5
hedral groups, silicon atoms substitute for boron only in the
icosahedral r and r positions since substitution in the equatorial
positions with Si-Si bond lengths of 2,34 £ would produce intoler-
able distortion of the framework if used to link icosahedra to
chains. The value reported for the actual Si-B crosslinks,
2,002 2 0,029 4 agrees with the sum of the tetrahedral bond radius
of eilicon (1,17 §) and that of the equatorial boron (0,83 &),
For electron counting, it is the (B1°Siz) Si, (or 35812) which
obeys exactly the Longuet-Higgins and Roberts (1955) criteria for
closed shell or filled bond configuration, -

Whereas the frequently reported BASi would be (B11Si) 812.
the BBSi composition some halfway in between requires the use in
equal proportions of B11Si and B10812 icosahedra,

If the supposition is made that in a B,'oSi2 icosahedron
the two silicon atoms occupy non-contiguous positions (i.e. one

on r and the other on r) a numerous family of statistically

(32)




equivalent frameworks in which there are no Si-Si bonds except-
ing in the chains, can be constructed. However, if the propor-
tion of B_loS:I.2 icosahedra is greater than half, there must be

Si - Si bonds in de-stabilizing position, thus BBSi appears to

be at the silicon=rich limit for stability of the phase. On

the other hand, a B,,Si, (3651) composition having a borom carbide
type structure would be two electrons short of the theoretical
counting for a filled bond configuration, so that a more complex
orthorhombic structure is preferred for the BGSi composition

(compare the o{ = tetragonal form of elemental boron),

I.6.3. S7stem BORON-CARBON-SILICON

Samsonov et at (1955, 1960) and Meerson et al (1961) des-
cribe two ternary compositions B5Si Ca and 33812 C2; both are
extremely hard, semiconductive materialse prepared by the action
of silicon carbide or silicon on boron-carbide or boron, or by

a mixture of the three elements. Taking a hypothetical composi-

10 2

tron counting, by analogy with BGSi and BBSi“ the 'boron rich’

taking C = B, BBSi 02 should be orthorhombic and the silicon-

rich 33312 C, should be rhombohedral. lipp and RBder (1966)

describe substitution compounds of the formulation B12(C, 5i, B.)3

tion of(B,. C.) 312, (35 SiC) , as ideal, with regard to elec-

(produced by heating boric oxide, sand and graphite, in an electric
arc furnace) having rhombohedral structures and lattice constants
(hexagonal) of a = 5,65 & and C, = 12.35 f. The system B, C-SiC
has been considered as having a quasi-binary eutectic (at 15 atom%

carbon) at 2300°C. The mutual solubility is less than 2% and
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in gilicon-rich compositions the hexagonal alpha-SiC is present,
and in boron-rich compositions the cubic beta=-SiC is present.

1.6.4. System BORON-CARBON~NITROGEN

Boron carbonitride has been reported by Samsonov et al
(1962). Degtyarev et al (1966) describes a preparation by the
nitriding (N,) of B,C at 1800-1900°C., 1Its electrical proper-
ties are almost that of an insulator and it is probably a mix-
ture of boron-nitride (80%) and graphite (20%). It has a high
thermal shock resistance,

I.6(b),  Compounds of boron with other nonmetals haviang low
boron content

I1.6,1(b) BORON-OXYGEN

Boron trioxide (boric anhydride) is obtained by the de-
hydration of boric acid and by the oxidation of borides, It
occurs in a crystalline or vitreous state depending on the method
of production. In the crystalline state it has a rhombohedral
structure which can be indexed as hexagonal with, a = 4,325 R
and, ¢ = 8.317 f. In the vitreous state it possesses a struc-
ture with short-range order depicted in Figure 1.6,1., after
Zacharidsen (1932) and consisting of individual groups of net-
works of triangular complexes of Z§03_7o The distance of B - 0
18 1.39 £ and 0 - 0, 2.40 R. The vapour at 1500°C consists of

the monome; 32030
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. - A lower'oxide of formula (BO)_ is formed when B,0.'is

+- -heated with the‘éofrqct proportion’ of elemental boron at a

2o

-téﬁ”éfétufé between'1050° and 4350°C; it has an'amber—coioured
- - p . . " N

'vitpeoﬂs'form and reacts vigorously with water liberating hy-

drogen with'ttaces of boranes and is sometimes pyrophoric. 1In
the vapbur phase at temperatﬁres in excess of 2000°C it exists

as a mixture of the monomer and dimer.

1,6.2(b). - BORON-NITROGEN

Boron nitride is obtained as the hexagonal or ‘graphitic’
whité fo;m by direct synthesis from the elements, pyrolysis of
boronfﬁitrogen compounds or by the action of nitrogen or ammonia
on a variety 6f boron compounds under reducing conditions.

Boron nitride differs from graphite by having the layers stacked
immediately above one another but still maintaining the B-N

alternation, Figure I1.6.2.
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Figure 106020

a) Boron nitride

-~. ¥
: 18t layer

@ boron ® carbon 2nd layer

©  nitrogen _
As carbon exists in two main'hllotrOpic forms so does

boron nitride; following the synthesis of diamond by Bundy
(1955), Wenthorf (1957) produced the cubic analogue 'borazon'
by converting the graphite form at 1600°C at a pressure of
60 kilobars., As formed it has the zinc blende structure of

diamond, but, as with diamond, a hexagonal wurtzite form is

knowp.
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I1.7. Systems of boron with metals

(a) Lower borides

The boron frameworks of three~dimensionally linkeh polyhedra
that typify the true higher borides are replaced in the metal di-
borides by quasi-infinite networks of two dimensionally linked boron
atoms. The structure type of the atypical AlBa, is utilized by most
of the better~characterised diborides. The versatility pf this
simple hexagonal structure (Figure I.7.1) in its ability to accom-
modate metal atoms that differ widely in metallic radius and in
electronic confiéuration is made evident by the listing of diborides
in Table 1,7.1; the significant departures from exact d;boride.
stoichiometry and ideal lattice are not indicated although such
departures are quite general. Diborides of the transition met;ls
from the fourth group and increasingly from latter groups of fhe
Periodic Table must be formed in competition with still lower borides
in which the special nature of the metal atoms piaya an ever more
pfominent role, The rather involved structural chemistry of the

lower borides (and of the related silicides) is discussed in detail

by Aronsson et al, (1965),
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The AlB2 structure type has a hexagonal unit cell contain-
ing just one metal and two boron atoms in positions wholly fixed
by the space group, P6/mmm. In geometrical terms the crystalline
arrangement is completely statified along the hexagonal axis, ¢,
that is, layers of metal atoms alternate layers of boron atoms.
The close packing of metal atoms is typically metallic, however,
thF.d1595F suberpga@}%pp_qf_?hqsphlaqegs to g;ze_a simple hexa-
g;nél'lattice is quite atypical for pure metal, thus the eight-
coordinate polyhdron of each metal is a hexagonal bipyramid, and
each atom has a graphite~like with a B-B bond distance of a/3.
Each atom of metal is in contact with twelve boron atoms and 'sees®
eight others at a distance comparable with the metallic diameter,
go that, in fact, twenty coordination is shown., The metal dia-
meters 2R, of the listed diborides, varies widely yet the B-B
distance varies little, from 1.,71A in Cr32 to 1.91A in GdBao It
can be concluded that the lattice spacing, a, is largely determined
as a compromise between the conflicting dimensional demands of M<M
binding within the metal-layers and the B-B binding within the
boron net, with the latter favoured. It can be surmised that the
B-B bond length of {,75A observed in T:LB2 represents minimum Btrain_
of the boron net. The structure type approaches maximum thermal
stability in the diborides of titanium, niobium, tantalum and
hafnium; they are significant in that they have melting points

some 1000° above those of the pure metals.
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Metal

Boride

TABLE

1.7,2.

Structural data for the metal diborides

3,94

3,84

3.86
3.84
3.82
3,79
3,74
3,52
3,95
3,53
3,52
3,47
3.99
3,23
3.27
3.23
3,06
3,05
3.26
3,05
3,07
3,04

Distance, A

a

3.3
3+30
3,28
3,28
3027
3.28
3.25
3.15
3.19
3017
3,08
3.14
3.13

3,10

3,11
3,03
3,04
3,02
3,01
2,99
2.97
3,01

2Rm

3.61
3,60
3.56
3055
3.53
3051
3.47
3,28
3.28
3021
3,20
3.16
3,16
2,97
2.96
2.93
2.83
2.85
2,86
2,73
2,60

2.58
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M-B

2,74
2,70
2,70
2.70
2,68
2,68
2064
2,53
2.68
2,54
2,50
2,51
2,68
2.41
2.43
2.38
2.33
2.32
2.38
2,30
2,30

2,31

Rm+Rb

2,68
2,68
2.66
2,66
2,65
2.64
2,62
2,52
2,52
2,48
2,48
2.46
2.46
2,36
2,36
2,34
2.30
2.31

2031

Density

go/cc
calc. expt,

7.96
5.54
8.34
8.53
8.80
8.89
9,76

3,67

12,85 -

6,10
2,63
11.2
12,70
12.2
6.92
4,48
8.01
14.2
3,16
50,05
50,20

2035

- 6017
5,67

10,05
117

6.60
4,38

3.17




(b) Higher borides

(1) The system BORON-ALUMINIUM

Kohn et al (1958, 1961, 1965) 4in a series of studies of
the higher aluminium borides, concluded that there are three
polymorphs of AlB,.; theo{~, p- and Y- forms, The most common
phase, ¢l - AlB,, is tetragonal, pseudocubic, with lattice con-
stants a = 10,16 & and ¢ = 14.28 8. The diffraction symmetry and
the systematic absences correspond to the uniquely determinable
enantiomorphic pair of space groups P41 2,2 eand P43 2, 2 with
the possibility that the observed #1 symmetry results from a
polytypic ordering of identical layers and that the correct space
group should be P42 21 2. The high symmetry of the quasi-spherical
icosahedral structural units favours the formation of alternative
framégagks systematically related to a basic framework structure.
Such twinning, which preserves all of the essential features of
icosahedral stereochemistry, owes its origins to detailed bonding
requirements of relatively small amounts of the secondary component
of the boride. The P- AlB,, is reported by Kohn et al (1958) as
being intricately twinned on (110) and (170) and indexed on an
orthorhombic, pseudo-tetragonal cell, a = 12,34 £, b = 12.63 &
and ¢ = 10.16 &, in the space group 12/m2/m2/a., Matkovich et al
(1965) suggeststhat carbon is required for this phase, Kohn and
Eckart (1961) emphasise twinned space groups in their formulation
of - AlB12 (an orthorhombic phase with a = 16,56 R, b = 17.53 3,
¢ = 10,16 & in P2, 2) 2,) as a polytypic derivative of the alpha.

From analysis it appears that the 7{— phase derives from the © - rhase
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. by a cell twinning operation involving a rotation of 18O°Iaround
the normal to (101) after every (101)& layer.

The role of alumipnium in driving these transformations is
unknown; it probably evbotitutes for boron in generating some
framework l1links, but the poesibility of partial occupancy of some
framework holes cannot be ignored. Further evidence is provided
by Giese et al [1564) who show a reversible 'martensitic’ trans-
formation of alpha to gamma (C.C.P. —3> H.C.P.). The gamma
form is the stabls one at lower temperatures,

(ii) The system B0 :CN-ALUMINIUM-CARBON

The ternary ‘:vspound Al BZ6 Ck appears as a secondary
product in the Al B,, preparations of Kohn et al (1958 ) and was
characterised as Al B1Oo Matkovich et al (1964) formulated the
phase Al B,, C; and Wills (1963) demonstrated by X-ray diffraction
that nearly regular icosahedra are dominant features of the struc-
ture, Hcerd and Scott (1966) have reformulated the structure for
a 62-atom cell containing 2 Al atoms, &4 B12 icosahedra and
4 linear C-B=C chains to give an empirical composition of Al stcao
The effective volume of the B

12
about 4% greater than that in tho The structure is derived from

CBC sub-grouping in Al Bzﬁck is

the boron-carbide framework by a cell-twinning operation of a
mirror reflection in the twinning plane. The carbon atoms are
precisely located in each rhombohedral sub-cell at the usual ter-
minal sites of the three-atom chain, and bond equally to three
icosahedra. Again the role of the aluminium atoms is not clear,

but their presence is certainly required for stability of the phase.
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Giese et al (1964) report that at approximately 2000°C, Al B,Cy
transforms by loss of aluminium to a rhombohedral boron carbide,

probably B1 CBC, and have decided to call the ternary phase

2

'beta boron carbide', and B“C ‘alpha boron carbide’,
Elektroschmelzwerk Kempton G.m.b.M (1964) have patented

a process for the production of a hard material formed by heating

boron carbide with aluminium to between 1400-1500°C in an inert

atmosphere. The composition of the final product is not given

but is probably the ternary compound, Al BZ6C4°

1.,8. Chemical therrmodynamics and kinetics of the production of
"BORON=CARBIDE aud related materials .

Although the extensive properties, enthalpy and free energy
of eiementa and their.compounds cannot be measured in absoluté.
terms, it is posaible to determine the change in these properties
attending a chemical reaction. The standard free energy change,

[}Go. for a chemical reaction affords a direct quantitative
measure of the extent to which the reaction may proceed, related
to the equilibrium constant for the reaction, by the expression:-

NG = - RT1ln K ccmmmccmmceees (1)

For the general reaction between an element (a metal) and another
element (a nonmetal) e.g. the formation of a metal oxide :-

M (e) * %a(g) == M0y,
the standard free energy change at a particular temperature is
equal to the standard free energy of formation of the compound,
in this case the metal oxide. If data is compiled for the re-
actions of a number of elements with one element, e.g. oxygen,

]
the relative affinities of these elements for the one element can
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be aséertained by plotting the standard free energy change per
gram equivalent of the element as a function of temperature
(gkelvin), This graphiEal method of presentation, the Ellingham
diagram (1948y), is extremely valuable in extractive metallurgy
and preparative chemistry in indicating the feasibility of a
réaction over a particular temperature range and also the com-
patibility of materials at high temperature. The general dia-
grams draﬁn bj Ellingham showed a plot of atandﬁfd free energy
change (invariably negative) against temperature (°C) for the
formation of a numher'of oxides under standard conditions; gases
participating in the reactions being at one atmospliere pressux;en

A pressure correction for the departure from nonstandard
conditions is calculated from the Van't Hoff equation (1886) :-

ASp = Ay + i fRelute (11)
L%

The Richardson (1952)nomographic scale on.the Ellingham
diagram allows the equilibrium gas compositions to be read
directly at any temperature. Thus for oxide reductiom by carbon
and hydrogen, CO/CO2 and Hé/BZO (vap. ) ratios are relevant, and
for nitride reduction by hydrogen the NE/NH3 ratio is required,
In the case of the borides and carbides, where the reactants
and products are refractory,|the vapour pressures of the compo-
nents concerned are only significant at high temperatures and
only slightly modify the standard free energy che.mge° At moderate

temperatures the standard free energy change plotted as a function
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of temperature (°K) is linear and has generally a positive slope
providing there is no net volume change (increase) on going from
reactants to products; this is in spite of the temperature de-

pendent of the related extensive properties, enthalpy and entropy
A\B® ana As®, but since

AGO = AHO - T ASO ————————————— (iii)

the two terms are almost self-balancing. At higher temperatures,
fusion and evaporation of the reactants and bqoducts give more
significant changes in the enthalpy and entropy, causing inflec-
tions in the linearity of the plots especially for evaporation,
At the temperature when Z&GOT is equal to zero, products are at
equilibrium with reactants under standard conditions. Hence,
above this temperature (the decomposition temperatpre), the pro-
ducts are thermodynamically unstable and, vide infra, below this
temperature reaction is feasible, providing the [}lGOT value is
negative, i.e. the plot has positive slope. When two or more
such plots are compared to show their relative affinities for a
particular element, oxygen, the oxide products can co-exist with
either of the reacting elements at the point where the plots cross,
i.e. have the same value of ZXGOT as f (T)., Outside this tem-
perature; should the slopes differ, one product will have a more
negative free energy change and hence is the more stable; in
turn, the element forming this product (oxide) will reduce the
less stable product of the other element., This position is re-

versed on going to a temperature the opposite side of the cross-

over point,
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There are a number of disadvantages in the application

of these AQ§G°T/T diagrams, principally these are:-

(i) the free energy changes refer to standard
states only, conditions never realised in
dynamic systems,

(1i) The assumption is made that the compounds
are of definite ‘composition although in
practice for many refractories this may
not be so0,

(11i) the distribution of the reactants and
products between the different phases is
not taken into account.

(iv) the formation of intermetallic compounds
and other mixed phases between products
and reactants is a possibility.

(v) they indicate only whether a process is
thermo-dynamically possible, but do not

indicate the kinetics of the process.

Their main advantage lies in their simplicity and ready
evaluation. Reliable data for their compilation are available
from a number of sources, e.g. U.S. Bureau of Standards Publi-
cations (1952, etc.), Janaf Thermochemical Tables and Supplements
(1960-5), and Schick (1966) (Appendix X), although much of the
data for the higher temperatures have been obtained by extrapo-

lation,
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Diegrams for a number of oxide, boride,; carbide and
chloride systems have been compiled (Figures I1.8.1, 1.8.2,
1.8.3, and I1.8.4). The data for oxides and chlorides are
necessary as most borides gnd carbides are produced by the
reduction of oxides and halides by carbon or hydrogen, Having
determined the feasibility of a process, the net enthalpy change,

ZQ;HOT must be evaluated to determine whether the process on
going from reactants to products is exothermic or endothermic
and if gaseous reactants and products are formed, on this basis
the efficacy of & *closed' or an ‘open’ system can be assessed.
Thus in the production of boron carbide by the reduction of

boric oxide with carbon according to the reaction:-

(a) 2By03(,) + 7C(g) = ByC(q) + 6C0,

the reactionis thermodynamically feasible over the temperature
range 1880 - 3100 °K (1.e. éSGOT ie
negative) ie ENDOTHERMIC (i.e. AH°T is positive) and the opera-

ting free energy change is given by:-

L) <
D6 = NS, + BT ln pyy  =eceme—oeoo—- (iv)

i.e. is favoured by an open system, however if account is made
of the volatility of the boric oxide so0 that:-
0
AGT = AG°, - RT1n p3203 + RT 1ln pyy ~---(v)
this may not be the case; particularly at very high temperatures.

When producing boron carbide by the magnesium thermal reduction

(44) -
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Figure 1,8,2, Ellingham diagram of standard free

energy change for BORIDES
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of boric oxide in the presence of carbon according to the

equation :-

(b) 213203 + 6 Mg + C

th + 6 MgO

the reaction is thermodynamically feasible over the temperature

OK (ioﬁo

range 0 - 2400

{3a° 1s negative) is EXOTHERMIC (f.e. A K’y is negative);
and the operating free energy change is given by :-

o
DGy = DG o = RT 1n p3203 ~ RT 1n Pg === (vi)
suggesting that a ‘closed’ system is preferred, having in mind
the kinetics of the process.
The remaining method of production, that of the gas phase

reduction of a boron trihalide by hydrogen in the presence of

methane, carbon-tetrachloride or carbon, viz :-

(c) & BC13 + 4 H2 + CH, = B#C + 12 HC1
(d) & 3013 + 8 Ha +CCl = BC + 16 HC1
(e) & Bc13 + 6 Ha + C = B,C + 12 HCL

are all thermodynamically feasible over a wide temperature range
( » 1700 °K) and are highly EXOTHERMIC, the operating free
energy change is given by :~

(o]
JAN AGT-RT 1n ch13 - RT 1n pHa - RT 1n pCHQ

or CC14

(45) ~




as there is an overall increase in volume on going from reactants
to products, the reaction is favoured by a reduction of pressure,

The formation of boron carbide from the elements -I B
rhombohedral boron and graphite is feasible up to a temperature
of 31OOOK (Figure 1,8.2) and is ﬁoderately ELOTHERMIC, however
the difficulty of achieving thermodynamic equilibrium when both
reactants are refractory solids must beemphasized., Formation by
hot pressing (Glasser et al 1953; Kranz 1963) can give a wide
range of composition probably having dispersed phases of boron
or graphite in the only two definitive compounds B1302 and B12C3
(see Section I.2).

The chemical kinetics and mechanism of formation of boron
carbide cannot be readily assesed except possibly for the vapour
phase production from the hydrocarbon-hydrogen reduction of the
halide (Pring and Fielding 1909; Powell et al 1966). Samsonov
et al (1950, 196®) have demonstrated that there are two consecu-
tive processes in the reduction of boric oxide by an excess of

carbon :-

(o]
(£) Bz°3vap, + 3 co(g) = 23(8) + 3 coa(g) (above 1640°K)
C(s) + Coa(s) = 2 CO(S)
and

The newly-formed boron diffuses through the boron carbide

layers progressively formed on the surface of the graphite particles,
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finally giving boron carbide particles retaining the original
shape of the graphite, The coefficient of diffusion of boron

in graphite is given empirically, as :=

D = 3,02 &~ 28,625/ .. (viii)

(Samsonov et al 1968; Lowell 1967), which indicates that the
diffusion of carbon in boron is correspondingly much slower,
This is to be expected from the magnitude of the lattice energy
ag indicated by the relative melting points and boiling points
of boron and carbon (boron, m.p. 2450°K, b.p. 3931°K; carbon
m.p. 4000°K, b,p. &500°K); although the boron atom is the much
larger of the two (covalent radius, 0.86 & for boron, 0,77 & for
carbon), the former has the higher polaris_ability (first ionisa-
tion potential boron, 8.,28-electron volte; carbon 11.41-electron
volts) and is more readily distorted,

Magnesium reducee boric oxide, by a similar mechanism at
temperatures where both the oxide and magnesium are in a liquid
or vapour state, 3203 m,Po 723°K, bope g316°K; Mg m.pe. 922°K,

b.p. 1378°K, and form boron by the reaction :-

(h) 3203(vap) + 3 Mg(g) = 2 B(g) +3M30(s)

and'the newly—formed boron diffuses into the added carbon :=

It appears improbable that the carbon does not react with some

of the boric oxide, but the net reaction is the same, since :=-

(47)




(j) Mg + cCoO —% MgO + C

Effusion studies of the volatilisation of boron from boron carbide
solid solutions below their fusion temperatures 2200 to 2600°K-by
Robson and Gilles (1964) and Hildenbrand and Hall (1964) show the
préferential loss oflboron to the vapour phase regardless of the

composition of the sample. The vapour pressure of the boron is

given by :=
log P(atm) = 7.506 - (?9‘;630/'1') ---------------- (ix)

Verhaegen et al (1962) identified B.C and BC. as well as

2 2
boron in the vapour, by mass spectrometry, the first being a minor
constituent but the pressure ratio p(B)/p(BCZ) = 15 at 2500°K,

The Hitachi workers in Japan (1966) report that production
of boron carbide by the magnesium thermal reduction process is
possible at temperatures as low as c¢a 1000°K when certain
'catalysts' are present, namely, magnesium oxide and other 'inert'
materials.

Considering that the formation of boron carbide takes place
in two consecutive processes by chemical equations (f) and (g),
it appears likely that at moderate temperatures the latter process
involves boron in the solid state rather than as a vapour, as
judged from the vapour pressure given by equation (ix). Assuming
that the magnesium or carbon (monoxide) reduction of the boric
oxide is rapid, the rate-determining step for the overall reaction
is the diffusion of boron into the graphite grains., Budnikov and
Ginstling (1965) have constructed a model for reactioms of this

type based on Ficks law of diffusion.
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Figure Ioaojo

In the general type of reaction A + B —=— AB,
(Figure 1.8.5), the thickness of the product layer, X, con-
tinuously increases. The rate of diffusion of A through AB is
very much lesé than the rate of reaction between A.and B, so
that the concentration of A at the surface dividing AB and B
is zero; also the concentration of A at the surface of the grain

is constant; as the external resistance of diffusion is much

(49)




less than that experienced in the product AB. Applying Ficks
Law to a grain of spherical symmetry, Budnikov and Ginstling
obtain an expreasion for the rate of growth of the product

layer AB :-

x/r(1 - x/})

b 4 = thickness of layer AB
t = time

K = rate congtant = D C

€

D = diffusion coefficient of A through AB

c = molar concentration of A at the surface
of the grain

€ = 9proportionality coefficient = 0 n/ pa

P = density of AB

n = stoichiometric coefficient of the reaction
expressed as the number of moles of A re-
acting with one of B,

,A_ = formula weight of AB

r = radius of the spherical grain

Esin and Gel'd (1954) note that dx/dt has a minimum when

x/r = 0.5 i.e. x = r/2.
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The relationship between the rate of increase in thick-
ness of product layers and the ratio x/r is shown in Figure 1.8.6,
from the graph it is seen that the rate dx/dt for thickening of
the product AB continuously falls with a change in the magnitude
x/r from O to 0,5 and then symmetrically increases from the
minimum value to infinity with a change in x/r from 0.5 to 1.

It should be noted that when x/r —» 0, and x/r —» 1,
the rate of thickening is not infinite, since in these cases
the value dx/dt is determined by the rate of chemical reaction
between A and B and not by the diffusion process. The equations
derived express the relationship between the thickness of the
layer of product with time. In practice, it is much more interest-
ing to obtain equations for calculating the degree of conversion
of the substance,

- Let the particles of reagent B forming the product AB
during reaction with reagent A, have respectively at the initial
moment and at a certain time from the start of the reaction, a
volume V_  and V., a mass V,# and yt/°, and as surface area So
and S,. If during time, dt, the reaction occurs over a thickness,

t
dx, in the grains of B corresponding to a maes of th s then :-

av, P = s, 3 A - {(xi)
&0
or (V. =V,) = F Fdx
P = Tt S’ -
X :
hence dv, = Fdx and = V -V, = §,dx --- (xii)
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The degree of conversion of

the reagent B may be expressed

as :=
(<L)
v -V S: S, dx
ol = ° t = U R (xiii)
v v
o o
differentiating gives:
g = 4ad Eu) = §£", E ....... (xiv)
at 7N Vo  dt
dt
or -ﬁ%" = 8 . 5t dx (xv)
Vo So 4t
since
St = f (e{) and the explicit form of this function
So varies with the geometrical shapes of
the grain, Thus for a sphere :=-
£ol) = (1 -6L) 23
_ 3
oL = 1 - (r - x) (xvi)
r
for a so0lid cylinder:
foe) = (1 -oL)1/?
2
g‘-— = 1 - (r - x) - e m it —————————— (xvii)
r
The ratio So/vo may be expressed as follows :-
So = 1
Vo 7 it (xviii)
¥ = shape coefficient (sphere 1/3, cube 1/'6. etc.)
1 = least thickness of the grain
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Equation (xv) can be rewritten :=-

del = 1 . dx f (6l) = ececmccccccccamnoa- {(xix)
t Y1 dt
to give a general expression
ol = Xt (00 el (xx)
dt
‘)i, = reaction coefficient
£f(6) = ©shape factor for the grain

Under certain conditions the kinetic equation may indicate
a pseudo-monomolecular reaction (one of first order). Thus, if
the solid A reacts with a liquid B to produce a solid AB, forming
with reagent B a mixture which melts at the reaction temperature,
then the diffusion  layer of the product AB continuously increases
from the side A and passes int the liquid phase from the side B.
In this case, the thickness of the diffusion layer of product AB
may have very low values, but is constant over a long period,
Such a condition may be the state when boron carbide is oxidised
by moist air,

Finally, it should be noted that diffusion coefficient D

from Ficks lLaw is temperature dependent., Hevesy established that:-

-E/RT
D = Ae = eeeeecedacececccccccceccacaa- (xxi)

where A = pre-exponential coefficient of diffusion
at a temperature of infinity. (connected
with the frequency of the atomic oscilla-
tions).
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E = the energy of activation of diffusion
(or the energy of opening up the lattice).

o
n

the gas constant
@y

-3
1}

temperature

o

Thie equation, analogous to the Arrhenius equation for
the velocity of mono=-molecular reactions, is correct for most
conditions and mechanisms of diffusion so far investigated.
Therefore the rate constant, K, in equation (x) should
follow a similar relationship. It is also pertinent to state
that the equation for the variation of viscosity with temperature
during hot-pressing is, according to Koval'chenka and Samsonov

(1961), governed by a similar expression (see Section I.9).

1,9 The gintering of boron carbide and other refractory materials

General principles of the mechanism of sintering

In any discussion of sintering processes two systems have
to be distinguished, homogeneous, consisting of a single component
or components which give continuous series of solid solutions, or
heterogeneous for multiple component systems. It is unlikely that
in pure homogeneous systems any significant sintering is ever
achieved; even very smell fractioné of another component assist
in their consolidation and are often of the utmost necessity.,
Nevertheless, discussion of a pure homogeneous system provides
insight into the general principles of sintering mechanism. Homo-
geneous systems are taken as being "binder free' and are exempli-
fied by borides, carbides, nitrides, silicides and single phase

metal powders,
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In the homogeneous sintering of a powder, distinction can
be made between two overlapping stages of gintering, The first
stage 1s characterised by the formation and growth of bonds, that
is, contact areas between adjacent powder particles. The growth
of these contact areas takes place during the early stages of
sintering, and is manifested by improved cohesion of the com-
pact; where the material is electrically conducting there is
rapld increase of conductivity. During the second stage, the
material is densified and the pore volume decreased. Under fa-
vourable conditions the latter is practically eliminated.

At present; surface-free energy is generally recognised
as the driving force in both stages of sintering. The energy
required for sintering is supplied by the decrease of surface
areas or by the replacement of interfaces of high energy by those
of lower energy (e.g. grain boundaries).

Calculations have shown that the surface free energy is
sufficient to account for sintering, provided a suitable mecha-
nism is available for the transport of atoms involved in the
consolidation of powder compacts. The following five mechanisms

are possible in the case of homogeneous materials :-

(1) Evaporation followed by condensation

(2) Surface diffusion

(3) Volume diffusion

(4) Viscous flow (Newtonian flow characterized
by a linear relationship between strain rate

and stress

(5) Plastic flow (Bingham flow characterized by
the existence of a yield stress).
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Thé first attempt to develop a quantitative theory was:
by Frenkel (1945) who assumed that with both amorphous and
crystalline powders viscous flow would occur under the variation
influence of the capillary forces associated with the curved
surfaces of the pores with time. The viscosity may be repre-

sented by the equation :-

§ = KT/DEL e (1)

Where viscosity

U =B
"

= coefficient of self=diffusion

T = &absolute temperature
kK = constant
11’0 = atomic volume

The mechanism of deformation of solids by viscous flow
and the role of diffusion in the deformation of crystalline solids
was evolved further by Shaler and Wulff (1948), Nabarro (1948)
and Herring (1950). Frenkel's postulate holds for the sintering
of glaaaeao

At high temperaturés crystalline solids can deform at
stresses below the yield point, The rate la; and stress-
dependence governing their deformation agree with the laws of
viscous flow, so that their behaviour can be described by a
material constant which has the dimensions of viscosity. How-
ever, the actual mechanism of deformation is considered to be
the migration of individual vacancies or atoms, i.e., volume
diffusion., The driving force for this migration is the gradient

in chemical potential resulting from differences in stress.
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The sources and sinks of this diffusion vacancy or atom
migration are grain boundaries and the surfaces of pores, as
well as the outer surface of the s0lid. The first demonstration
that mass flow by volume diffusion occurs during sintering, was
provided by Kuczynski (1950). Earlier, Pines (1946) had recog-
nized that the concentration of the lattice vacancies (Schottky
defects) would be greater under concave pore surfaces than under
a plane surface and had concluded that pores could be eliminated
by the diffusion of vacancies away from the pore in the resultant
vacancy concentration gradient., Yet Kuczynski was the first to
provide quantitative proof of this by comparing the observed time
dependence of neck growth with the time dependences predicted for
vigscous flow, evaporation-condensation, volume diffusion and sur-
face diffusion. He showed that in all four cases, the sintering

time, t;, to produce a neck of radius, x, should be given by the

form :-
<\" . AW (1)
- m
a a

Where a = particle radius

A(T) = a function of temperature only

and A =2, m=1 for viscous flow
n=3 m=2 for evaporation-condensation
n=5 m=3 for volume diffusion
nes?7,m=14 for surface diffusion
n=6,m=24 for grain boundary growth
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Measurements of neck growth between spheres and planes
of copper and silver showed that the neck diameter increased

1/5

as t y indicating that volume diffusion was the predominant
mechanism operating., With very small spheres of copper (less
than 30 micron) however, a deviation from the relationship was
observed at the lowest sintering teﬁperatures used, ‘which he
interpreted as belng due to the increased contribution of sur-
face diffusion at these particle sizes and temperatures.
Kuczynski's model for neck-growth by volume diffusion is shown
in Figure I.9.1, which shows two spheres in contact, sectioned

through their centres. The capillary suction in the neck is

then :-

i -1 _ ¥ .
- = = = e ———————oe (iid)
Yg = surface tension
r = radius of curvature of the neck surface

in the plane of the section

When a vacancy is formed under the surface of the neck, a quan-
tity of work, === is therefore done by the capillary suc-
tion, where §3 is the volume of the vacancy, and the thermal
energy, ¥, required to form the vacancy is decreased by this

amount. Hence :=-

De = d-c = ¥B3 &1  —-ee- (iv)
C

C ' rkT

[
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C = concentration of vacancies in the
unstressed crystal

c = concentration of vacancies in the
neck
This expression is identical with that for the increase in the
vacancy concentration around a c¢ylindrical pore of radius r. To
obtain an expression for the vacancy flux away from the neck,

Kuczynski assumed in effect that the surface of the latter could

Diffusion path

Figure I1.,9,1. Kuczynski model for initial sintering by
vacancies being eliminated at the surface
of spheres.
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be considered as forming one half of the surface of a cylin-
drical pore from which there was radial diffusion to sinks on

the surfaces of the aphere. For this case, the vacancy con-

centration gradient adjacent to the surface is AN c
r 1a a/
'r
where d is the distance at which C1 = C, lnd/r was assumed to

be unity, and an equation could thus be set up for the rate of

increase in the volume of the neck :-

(x> _ 4¥S ¢ v
(a) 8> x T
a = particle radius

coefficient of volume diffusion

o
1l

Alexander and Baluffi (1950) observed that in copper,
only pores in the vicinity of grain boundaries closed rapidly,
which accords with the theoretical deduction of Nabarro (1948)
and Herring (1950) that the grain boundaries c¢an act as sources
and sinks for vacancies and are considered necessary for rapid
sintering. Two alternative mechanisms have been suggested to

account for this action of grain boundaries :-
(1) that they act as °pipe lines®’ for rapid
diffusion of vacancies to free surfaces

(2) that they act as sinks for the destruction
of vacancies as envisaged in the Nabarro-

Herring mechanism
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The densification of compacts by the former process ex-
clusively would require that vacancies should diffuse to the
outside of the compact. This, it would start from the outside
and be a function of compact size, contrary to general experience.
However, grain boundary diffusion will be expected to contribute
to mass transport over a short distance during sintering, as
evident in the sintering of alumina (Coble (1958)). The second
mechaniam provides a means for the destruction of vacancies
within the compact. Kuczynski’s original model assumed that
vacancy sinks are confined to the particle surfaces and could
only account for dansification so long as the pores remain open
and inter-connected. Kingery and Berg (1955) showed that the
observed rates were too rapid to be accounted for by neck growth
due to volume diffusion, and proposed a model (Figure 1.9.2.) in
which a grain boundary existing between two spherical particles
is considered to act as the vacancy sink,

Atoms would then flow from the vacancy sinks to the neck
surface, as indicated by the arrows, and thus, by spreading out
of material at the neck, cause the particles to coalesce, Subse-
quently Coble and Ellis (1958, 1963) concluded that the deforma-
tion produced by plastic flow is limited to a fixed value deter-
mined by the hot hardness of the material, limited as a mechanism
to  84% theoretical density. Lurther densification is ascribed

to a diffusion process similar to that of heat transfer. Vasilos
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&
Diffusion path

Grain boundary

Figure 1.,9.2, Kingery and Berg model for vacancies
eliminated at grain boundary at neck

and Spriggs, (1963) have applied the Coble model for the hot
pressing of magnesia and find a logarithmic time law of densi-

fication :-

,9 = 1 - k‘D ln :E “""'"“""‘"-"’"’-“---(Vi)
t

£ = relative denéity

te = time at which pores vanish, valid up

to relative densities of :>90%
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Figure 1.9.3. Mackenzie and Shuttleworth model
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The Mackenzie and Shuttleworth theory (1949) rests on
a model consisting of closed pores in a homogeneous matrix
(Figure 1.9.3). This theory is really only valid for the
final stage of sintering where closed pores first appear ( < 10%
pbroaity)g however, the theory agrees with experimental results
for eintering stages at even 35% porosity, i.e. when the pores

are inter-connected. They obtained the following expression :=-
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= relative density = 1< r1/ \>
ol

o D
"

surface tension

n = number of pores per unit volume of material

qw coefficient of viscosity
a

/—2(1%\'} . 2\"%;3‘

’}CC = yield stress

It can be shown that:-

n= [1=F ) o 3 o ) S ——— - (viii)
r; = pore radius

s0 that for preasureless sintering :-

421 -5, % a-pPf - re 1 (1)
9, el fra e )

-—== {(ix)
For pressureless sintering, the ¢iving force is the pore pressure

2?{/&1 For hot pressing there is an additional external pressure

P, It can be shown that :=

AN aP \ - 3P (1-0)  eemelx)
d t d ¢t L ﬁk@
>0 p=o0
P » 2/ r (xa)
and > Tc (xb)
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" For instance, 1f the radius of the pores ry i 1 micron

4 ¢m, ) and the surface tension of the material.'ﬁg s is

7

(10”

1000 ergs/cma, then the material pore pressure is 2 x 10

dynes/cm2 20 Kg/cma° A normal value for P is 500 Kg/cma°
Using relationship (xa) and (xb), the hot-pressing
equation may be simplified, as the terms contained 2 /bI and T

can be eliminated so that the rate law of the hot-pressing pro-

cess may be written as :-

e - 3 S € TP D S — (xi)
dt %o

or, integrated with respect to time :-

1-f9°

whenP: Po when t =®@

1n 1 -7 = =% o P, mmmmmeee- (x1i)

The plastic flow theory succeeded in accounting for several
experimental characteristics of the hot~pressing process. The
theory explains the effect of external pressure in reducing the
sintering temperature necessary for densification, It further
'explains the effect of pressure on the end point density at con-
stant temperature, the effect of pressure on the sintering rate
and the influence of particle size on the end-=point density., At

the end point ar
d

b
“

= 0.
t
P>0

The hot-pressing equation (xii) given by Murray et al
(1954) has been erified by Mangsen et al (1960) hot-pressing alu-

mina, by Vasilos (1960) for silica and by Jaeger et al (1962) on
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other ceramics. . From their studies of binder=free hafnium,
zirconium and tantalum, Lersmacher ;nd Scholz (1961) state that
the plastic flow theory can describe the early stages of hot-
pressing, but that deviations occur at longer times, particularly
at higher temperatures. They conclude that the density aft;r
long sintering times (e.g, 60 mins,) does not continuocusly in-
crease with temperature, but reaches a maximum at a specific tem-
perature. This is related to grain growth during sintering;
grain growth is directly controlled by impurities such as the
binder metale, iron, cobalt and nickel in heterogeneous sin-
tered ceramics,

Again it was clear from the many experimental results
that the initial sintering rate is often greater than that pre-
dicted from the plastic-flow equation.

A completely new approach was made when Koval'chenko and
Samsonov (1961) proposed their hot-pressing equation, based upon
the mathematical framework of the rﬁeological behaviour of a dis-
persed system; later, a correction for grain growth was introduced.

Their model is a system consisting of a gaseous phase in
the form of globules dispersed in an incompressible viscous medium,
In addition, the concentration of the dispersed phase, Q, (equiva=
lent to 1 - f’)g is so small that terms involving Qa need not be
considered, 1In such a system :=-

1 v,
Q V.
1l
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Where Q porosity

o]
fl

the volume of the viscous medium

V, = the volume of the dispersed phase; i.e. the
volume of the pores.

V= V1+ V2 = total volume of the system

The following relation between the material constantevﬂ

and g is valid for a porous fluid system :=

(;’= Byl = @) (L =2Q) eccemmemoee ————- (xiv)
Q(3 - Q)
Where r) = viscosity of the medium = 18t coefficient of
viscosity

g

Since Q is small, the rate at which work (Wd) must be done to

2nd coefficient of viscosity

deform the system, may be written :=

, ,
Y3 =5(vg—‘t’) """"""""""" (xv)

8nd equated to the external work (wext) supplied for the compres-

sion of the system, i.e. :=

W . =-PaV - Y¥d
ext Vdt Vat

=I (_d'_V)a = Wd ----------------- (xvi)
Vdt ]

Where P = external pressure

o

surface tension

n
fl

total pore Area

relative volume change of the system

av/v
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Neglecting the surface tension term, as in the Murray theory,.

gives :=
- P :5 dV ) ----- T O 2 D = "-"'"(xvj-i)
(th

henece av
v

Since 57 for a viscous body is constant with respect to

time; we have upon integration :-

Boe 1 G-0500 5
9 (3 - Q)08 Q3

Where Q = Q'o for t = &

According to Nabarro (1948) and Herring (1950) the viscosity is a
function of the grain size, R, since the viscous flow of a poly-
crystalline body depends upon the self-diffusion between grain
boundaries subject to tensile and compressive stress. Thus :-

?z k T R

10 DJDLO

Where k = Boltzmann's constant
R = average grain radius
D = coefficient of self-diffusion
Lo = atomic volume

for metals and metal carbides the grain-growth is time dependent

as (Burke and Turnbull (1952) Lersmacher et al (1962) );
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R = R (1 = bt) cocmcommecsccccrcmco——ccaee (xii)
Ro = grain radive a t = 0
b = rate constant {= K V

RZ

[ o]
K = Kre'E’RT

The time-dependence of the viscosity becomes :-

l7 (¢) = R° (1 + bt) kT
S --(xxii)
IODﬂb
tf}» (t) = q of1 + bt) —————— e e mmeccac————— (xxiv)
Where [7 = l?o for t = 0O
. Equation (xix) may now be written:
d4Q = - P , 933 =-8) -om—eme—= -{xxv)
dt 4;}0(1 + bt) (1 - 2Q)
or integrated with respect to time :=
5 1
-‘;—-—-P-——-—- 1n (1 + bt) = 1n (3 = Qo) /3 Qo /3
b
7o (3-Q0°4  Ql4
= F(f) ecccmmmccaaa- e == (xxVi)

The plots of F(f) versus 1n(l + bt) for tungsten carbide
hot-pressed at 250000 and various pressures are linear,
As pointed out by Scholz and Lersmacher (1964) this last

equation may be simplified to *Murray form' noting the relation:-

g = % O (Laﬁ) —meeme—mraccec————= (xxvii)
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a = constant (varies between different authors)

i.e, does not contain any second-order term
in Q@ as in equation (xxvi)

%3 = ETP) o (i :gzqg ----------------- —mmm(xxviii)
for a= 1
%% = %% . Q ,——————————a cmmmmam——————— (xxix)
so that equation (xxvi) becomes :-
InQ(1=-Q) +alnl-Q = =3P 1n (1 + bt)
Q (T - 1-4 Dob _______ ()

for a =1

- 3P - D 15
Q=q,(1 +pt) Fn® =Q (1 +bt) {2
o]

%

= Q. (1 + bt) PO e (xxxd )

The densification process during hot-pressing is thus described
by a hyperbolic rate equation based on the Nabarro-Herring
mechanism,

In applying the above theory to a polycrystdline, porous

body, r., (figure I.9.4) stands for the average distance from

29
the pore centre to the surrounding grain boundaries. The appareant
viscosity of such a body increases with the square of grain size
as (1 + bt) to a final value, the diffusional viscosity of a
single crystal. This is known to be extremely small. Therefore

densification by the Nabarro-Herring mechanism can operate at

useful rates only for a moderate grain size,
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This last equation has been established empirically by
Scholz and Lersmacher (1964) in studies on the hot=pressing of

pure metallic carbides. Theyput :=-
Q = Q1 + Bt)™" —m e mme—emmeca (xxxii)

where B is an empirical constant. The exponment n in equation
(xxxii) is a constant of the material and is obtained from the
slope of a plot of ln Q versus 1ln(l+ Bt), they found a linear

relationship between 1ln Q and 1ln t;, i,e. :-

dQ = =k Q —eoceeemcccemmccreea (xxxiii)
dt t

As pointed out by Scholtz (1963) equation (xxxii) is not

satisfied at t = O where Q must equal Qo unless an additional
constant is used, In a plot of 1nQ versus 1ln t, there should
be an asymptopic approach to Qo9 this was evident in McElland

~

and Whitney‘’s (1962) work on tin powder,

1,10, The chemical reactivity of boron carbide and related
compounds

The paucity of information on the reactivity of these

compounds and the often conflicting available data results from
the general inertness of these materials, particularly to non-
oxidizing reagents, and the significance of the state of sub-
division and the purity of the materials under examination.
When considering the suitability of these refractiories for ap-
plication, the reactions of greatest importance are those of
oxidation, nitidation, and their degree of compatibility with

metals and other refractory materials. In materials highly re-
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sistant to chemical attack, e.g. oxididation, the reaction is
extremely slow, even when the process is shown to be thermodyna-
mically feasible, (see Section I,8), ~The apparent resistance to
attack often results from the low volatity and refractor_iness
of the oxidation products or from the impervious nature of the
oxide film, which inhibits further reaction; e.g. when metal
carbides suffer oxidation, carbon is removed as the gaseous
oxide and resistance to attack depends on the protective nature
of the metal oxide layer. However, when a boride or a silicide
ié oxidised by ﬁir, oxygen or other oxidative gas, a vitréoue’
phase of the nonmetal oxide covers the material and inhibits
attack. Thus, boron carbide shows an increase in weight wﬁen
heated in dry air to temperatures below 1000°C, but above this
temperature there is progressive losas in weight as the boric
oxide shows significant volatity. In moist air, loss of weight
occurs at a much lower temperature due to the removal of boron
as the more volatile boric acid, It follows that a study of
weight change has little value unless cogniscence is taken of
the exact composition and state of the reaction products.
Oxidative attack by acidic and basic fused media and
solutions is assisted by the removal of the reaction products
into solution; boron carbide and most borides react spontaneously
with fused alkaline metal hydroxides, nitrates and persulphates.
The action of elemental halogens on boron carbide (ﬁﬂd other
borides) is a highly exothermic process after initiation giving

the volatile boron tribalide and carbon (or the metal halide).

(73)




Niridation by the element or ammonia gas is only significant
at very high temperatures,it was reported in 'New Scientist’,
1963, that boron carbide forms boron nitride and graphite when
hot-pressed in a nitwgen atmosphere to 2000°C; metal borides
form the metal nitride and boron nitride,

The reaction of boron carbide and other borides with
molten metals ie controlled by the contact angle the metal makes
with the surface of the sintered compact, A zero contact angle,
complete wetting of the surface, shows high reactivity between
the two phases, whereas, a large angle indicates little or no
reaction, Table 1.10.1. gives the contact angles of some re-
fractory phases with metals in the molten state .(Figure I.,10.,1.)

Figure I.10,1. Surface energy relationship between solid,
liquid and vapour interfaces (after Sutton).

YLy R Y v
Vapour ‘N\\
Liquid
Liquid iq e |
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Solid | Solid o
a) Wetting 6 £ 90° . - b) Non=wetting 6 & 90°

T{SL surface energy golid liquid interface

sV " "  golid vapour "
TfLV " Loon liquid vapour "
SL = SV - L ¢cos®
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TABLE

1,101,

Contact angles of some molten metals
with refractory boron compounds.

Phasge Metal Temperature
Buc 4n 540-620
" Cu 995-1090
" Al 600-670
" Pb 225-395
" Brass 905-950
" Fe 1780
" Co 1780
" Cr 1820-1830
" Cr/Ni 1400-1410
" ML 1470
TiB, -Cu 1100-1500
" Ni 1480
CrBE/ Cu 1450
" Ni 1480
ZrB, Cu 1160-1400
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I.11. The applications of Boron Carbide and related refractories,

The principal applications of these materials result from
their two main properties 1) refractoriness and 2) favourable
mechanical strength and hardness., For example, boron carbide
is the hardest and most abrasion-resistant material available
in massive form. ¥or some 25 years it has been used for sand-
blasting nozzles, mortars for grinding, as a grit in grinding
rolishes and wheels, and for die, spinnerets and gauges. A
recent application has been the production of light-weight
armour on account of its hardness combined with high strength,
high elasticity and low density. Since boron hasa high nuclear
icross-seééioa thé carbidé Haa been used fof control and shield
materials and as burnable poisons in nuclear reactors, Boron
carbide with a boron content of 78 wt-%, has the interesting
anomalous property of a higher boron density than elemental boron
iteelf; it is also more economical to produce. Another feature
of the material is its electrical conductivity, suitable for its
applications as a thermocouple, electrodes in cells and spark-
erosion and for resistances. One serious disadvantage possessed
by boron carbide, which limits its application, is its poor thermal
shock resistance, one;half of the heating cycle;, it shatters when
cooled rapidly; composite materials contalning silicon carbide
show greater promise, Whiskers of boron carbide, single-crystal
fibres, show éxtremely high strength and modulus and have been
investigated as a possible reinforcement for metal and resin

matrices.
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The utilization of other borides has been limited by
their poor oxidation resistance. Nevertheless; their use in
.mixed systems with silicides has been proposed in aircraft com-
ponents at high temperatures. Both titanium and zirconium di-
borides have electrical resistivities comparable to copper and
extensive tests have been made of these borides as electrodes
for aluminium reduction although intergranular corrosion and
their brittleness has caused failure, Many metal borides have
application as heterogeneous catalysts in organic syntheses
involving hydrogenation.

The present work has been stimulated by the need to
produce boron carbide of a controlled quality for use as an
abrasive grit by growing it to size, and for a material capable
of gintering with a minimum of pressure and temperature. Also
congideration has been given to the formation of wear-resistant
surfaces on metal bases such as titanium by the in situ formation

of their borides from boron carbide,
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SECTION 2 - EXPERIMENTAL TECHENIQUES FOR THE PRODUCTION
AND SUBSEQUENT ANALYSIS OF BORON CARBIDE.

The section covers the semi-technical production of
boron carbide by the magnesium thermal reduction process and
the experimental techniques used in determining the phase com-
position, crystallite and aggregate sizes of the material; and

the principles underlying them.

2.1. The production of boron carbide - B12C3

Boron carbide, B1203, was prepared by the magnesium
thermal reduction process first described by Grey (1951) and
later developed by Samsonov et al (1960 ). The starting materials
were; anhydrous boric oxide, Bao3 (Borax Consolidated 20 Mule Team
Technical Grade), granular magnesium turnings (Magnesium Elektron)
and carbon black (Ca?ot, Sterling SO fluffy).

The_boric oiizi and the carbon black were mixed together

in the ratio of their stoichiometric proportions (17.5 kg B203 +

1.25 kg C.) by milling in a steel ballmill having 'hardmetal!

.
4

spheres for 24 hours to ensure complete blending. A °t°i°h£§f§§
metric amount of magnesium (18 kg) was blended gradually with;ﬁhe
other components. Trials had indicated the difficulty of reacting
large charges of the mixture (““40 kg) owing to the powders sift-
ing and the feaction propagating slowly when initiated by a hot-
wire fuse, It was found necessary to bind the reactants together
by mixing in a small quantity of kerosene, this served to bind

the components together in their correct stoichiometric propor-
tions and also provide a blanket of vapour so preventing oxida-

tion of the hot products by the air. Successive runs were com-
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pleted with a high degree of cortrol, unlike the experiences
of the Hitachi workers (1966) who reported explosive reactions
and added a diluent to the rea'ctgnts9 e.g. magnesia, MgO,
Temperatures in excess of 1600°C were measured within
the charge. When cool, the charge was removed from its iron
crucible, the crust was discarded and the remainder crushed
down to a coarse powder, The crushed powder was added to an
excess of diluted sulphuric acid (25 vol.%. 1.84 SG. HESOQ) to
dissclve out the magnesium oxide and decompose magnesium boride
and any unreacted boric oxide. It was found possible to decant
off the liquor together with any unreacted carbon from the boron
carbide sediment. Successive washings were made with warm water,
decanting off the bulk of the liquor and finally filtering through
a filter-paper supported on cloth (Whatman No1) and washed with
copious amounts of water until free of sulphate ion, The boron
carbide cake was dried in an oven at 120°C for several hours and

then milled to a fine powder.

2.2(a) The chemical analysis of boron carbide and related
compounds o

As indicated in Section 1.10 the refractory compounds of

boron resist attack by many chemical reagents, particularly in
aqueous media. Therefore, fairly drastic methods are required
for their dissolution before chemical analysis for boron and other
elements, Blumenthal (1951) describes methods for the analysis of

many of these compounds.
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For the determination of boron the sample is first
mixed with anhydrous sodium carbonate in the ratio of 1 part
to 20 parts of the alkali, the>mixture is heated to fusionm in
a platinum dish, previously lined with sodium carbonate to
prevent attack on the metal by elemental boron. A powerful
exothermic reaction normally occurs through the oxidation of
the boron and other components, but it is sometimes necessary
to add some sodium nitrate to the melt to assist the oxidation,
On cooling the fused melt is leached with dilute hydrochloric
acid and the solution made up to volume, The borate ion in
an_aliquot is determined either titrimetrically with sodium
hydroxide by the mannitol method or by flame photometry using
an atomic absorptiometer. 1In both techniques it is necessary
to remove interfering cations by ion exchange. 1In the present
work both methods of analysis were employed.

The titrimetric method of analysis for boron is based
on the method of Kramer (1955) using a cation exchange in the
hydrogen form (Permutit Zeocarb 225 meshrange 40-80) and de-
termining the equivalence point of neutralisation with a pH
meter (Pye). Firstly the stronger hydrochloric acid is neutra-
lised with sodium hydroxide to pH = 7,00, then excess mannitol

is added to release hydrogen ions by the following reaction:
= +
H}BO3 + 0631406 ] EzBojomann + H + H20
Crthoboric mannitol hydrogen
acid ion

The titration is then continued to the same pH value,
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Alternatively, the eluate from the ion exchange column
is analysed for boron by atomic absorption spectroscopy using
a Hilger and Watt Atomspek spectrophotometer. The solution is
excited iﬁ an acetylene/nitrous oxide flame., Using a boron
lamp the wavelength is set at 2498 K and the attenuation of the
radiation is observed for samples and for standard solutions of
boron.

Other elements were determined qualitatively by emission
spectrography using a Hilger and Watt Large Quartz spectrograph,
and quantitatively, (with the exception of carbon) by atomic
absorption qsing the appropriate element lamp. Emission spectro-
graphy has application in the detection of most elements, only
those light elements having high ionisation potentials, e.g.
nitrogen, oxygen, the chalcogens and the halogens are not de-
tected when excited in the usual manner. (The solid sample is
excited in the usual manner. The solid sample is excited by
afcing between copper or graphite eletrodes (Johnson=Matthey-
specpure) and recording the spectra on a photographic plate
(Ilford Ordinary N30), exposures being taken at two spectral
ranges; viz, above 2760ﬁ and above 2200A to record all of the
most sens{tiye emission lines of theelements in question.

Quantitative analyses were carried out for the various
elements detected by'qualitative analysis, by measﬁrement
with the atomic absorption spectrophotometer (Hilger-Watt
Atomspek) of the solutions obtained from either alkaline or
acid fusion (potassium pyrosulphate), comparison being made

with prepared standards.
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2,2(b) X-ray diffraction identification of phases

A comprehensive summary of the theory and practice of
X-ray diffraction techniques is given by Peiser et al (1960),
A crystal consists of a regular three-dimensional array of N
atoms in space. Points having identical surroundings in the o
structure are called lattice points, and collection of such
points in space forms the crystal lattice. If neighbouring
lattice points are joined together the unit cell is obtained,
i.e, the smallest repeating unit of the structure, Sometimes
it is more convenient to choose a larger repeating unit, for
example a centred cell. In general the shape of the unit cell
is a parallelepiped, but, depending on the symmetry of the
crystal, it can have a more regular shape, e.g. cubic or rec-
tangular. The shape of the unit cell is completely described
by the lengths of its ta;ee edges or axes and the angles be-
tween them. Conventionally, the axes are termed x, y, z or
a, b, ¢, and the angles O(, ﬁ?, ¥ : o being between the y
and z axes, etc,

Cryastals can be classified into seven classes according

to their symmetry as shown in Table 2,2,1.

(82)




TABLE 2:2.1

Crystal Glass Conditions limiting cell Minimum
.................... dimension _______ symmetry
Triclinic a=b=caoll 5 =¥ = 90° None
Monoclinic a=bzcal4d - 90°,ﬁ= 90°  One 2-fold
* axis or 1 pps*
Orthorhowibic as=bs=cel=P=098=90° Two 2-fold -
. axis or 2 pps*
Tetragonal a=beceol= B =¥ = 90° One 4-fold axis
Hexagonal a=b=col=p-= 90° ¥= 120° One 6-fold axis
Rhombohedral a=Db=c¢ O(.c @ = 'Ff.-. 90° One 3-fold axie
Cubic a=bz=ec0=p=% =90 Four 3-fold axis
* pps perpendicular planes of symmetry

Various sets of parallel planes can be drawn through the
lattice points of a crystal. Each set of planes in identified

by a set of three integers, namely, the Miller indices, h, k, 1

—-—

corresponding to the three axes a, b, ¢, respectively. The index,
h, is the reciprdcal of the fractional value of the intercept made
by the set of planes on the a axis, etc. When a crystal interacts
with an incident beam of X-rays, the lattice can act as a diffrac-
tion grating, because the lattice's dimensions are of the same order
of magnitude as the wavelength of the X-rays. The diffracted beam
which emerges, in phase, from a par‘ticular set of lattice planes

obeys Bragg's Law.
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X =2d6in @ comcmmmcceae- R ca= (1)
where )\ = wavelength of the incident X-ray beam

d

interplanar spacing

e angle of incidence (diffraction)

"When the crystals are large and have a large number of
lattice planes in each set the diffracted beam appears at a
sharp angle, With aggregates of small crystals broadening
occurs and the extent serves as a measure of crystallite size.
The interplanar spacing, d, is related to the unit cell dimen-
sions of the crystal and to the Miller indices of the set of -
prlanes, Thus, measurement of Bragg angles leads to the deter-
mination of the lattice constants. B

If a single crystal of a substance is rotated in a beam
of monochromatic X-radiation, the diffraction pattern forms a
series of spots on a photoéraphic plate. However, if-the sample
is in the form of a crystalline powder or a sintered compact,
the crystals in which show random orientation, the diffracted
beams lie along the surfaces of a set of coaxial cones. The
pattern can be recorded using either an X-ray diffractometer
with electronic ionisation detector and chart recorder,; or a
powder camera with photégraphic film théh‘éiveé é seéies of
concentric rings.

The distribution with respect to the Bragg angles and
intensities of the diffracted beams is characteristic of a

particular structure and can be used as a means of identifica-

tion, as a fingerprint, The X=ray powder diffraction patterns
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of most crystalline substances in their various allotropic
forms, are recorded (A.S.T.M. Powder Diffraction File in a
card form). The powder pattern of a mixture of crystalline
structures consiste of the superimposed patterns of the in-
dividual structures, It should be noted that due to instru-
ment characteristics, and orientation effects displayed by
the sample, the relative intensities of the lines forming
these patterns do not always correspond with those of the
A.S.T.M. card,:

In the present work, X-ray powder diffraction patterns
were determined using a Berthold diffractometer fitted with a
gas filled proportional counter fitted to a combined discri-
minator/ratemeter and EHT supply and having a chart recorder
output, The source of X-radiation, copper KX of wavelength
1.5428, was an Hilger and Watt's constant voltage generator
fitted with a sealed tube Philips copper target having nickel
filters to remove the KP component., The generator was operated
at a standard 40 Kilo volts potential, and a filament voltage of
20 milliamps,

Loose powders were examined by mixing with a cellulose
acetate cement and coating a suitable amorphous (X-ray trans-
parent) material such as a glass cover slide. Sintered materials
and metal samples were machined with a flat face and mounted
directly on to the goniometer. Phases were identified by re-
ference to the appropriate A.S.T.M. tables or to reference

samples measured in the same manner,
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2.2(¢c) Electron microscopy and diffraction

Comprehensive accounts of the theory and practice of
electron diffraction and its application to high level magni-
fications (microscopy) are given by Zworykin et al (1945)

Kay (1965) and Hirsch et al (1965).

4 beam of electrons possesses wave properties similar

to those of a beam of electromagnetic radiation, the wavelength

being given by the de Broglie relationship:

N e ()
P ov

where = wavelength

B
¢]

FPlanck's constant
m = electron mass
v = velocity

momentum

o
1]

If the accelerating potential difference is V., the energy,

E;, of an electron is given by

-E=%mv2=Ve ----------------------- (11)

where, e = electrostatic charge.

Combining equations (i) and (ii) and eliminating V gives:

A = B cmemeecmcccem—cee—ae (iid)
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Sthall
A relativelyjcorrection has to be applied to equation

(1i4) to account for the variation in the mass of the electron
with velocity, which depends on the voltage, In practice,
however, the wavelength, if required, is determined by recording
the diffraction pattern of a substance with known unit cell
dimensions and calculating a single factor, the camera constant,
LA, where L is the effective camera _length° If the same in-
strument is used at the same accelerating voltage, then LA
remains constant, At an accelerating voltage of 100 kilo volts
the waﬁelength of an electronic beam is 0,037 &,

The electron microscope is constructed on similar prin-
ciple to the optical microscope, but its optics or lens system
is comprised of a series of magnetic or electrostatic fields of
varying intensity and direction through which the beam passes.
The shorter wavelength of electrons compared with that of visible
light enables a much greater resolution to be achieved by the
electron microscope; the theoretical limit of resolution of a
microscope is given by half the wavelength of the radiation
used - ,02A for the electron microscope and 2000 R for the
optical microscope, a gain of 105° Figure 1 gives the general
layout of a typical electron microscope, The object to be
studied, by transmission, is placed in the focal plane of the
instrument and its magnified image viewed directly on a phosphor
screen or recorded on to photographic film held in a cassette
within the instrument. Normally, both facilities are employed,
one to align and select, the other to record. The energy of

electrons is reduced when they are scattered readily on collision
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with gas molecules., Hence, tﬁe microscope has to be operated
at a sufficiently low pressure to increase their mean free
path, thus a vacuum of about 10'6mm Hg is required.

Diffraction patterns of the samples viewed on the elec-
tron microscope can be obtained by interposing a special lens
system between the objector and the projector.  {(Figure 2.2.1)
such diffraction is possible only when the crystale or their
aggregates are very thin and/or are composed of élementa of
low mass number as the eleqtrons are highly absorbed by matter.
The diffraction pattern offg single crystal consists of reflec-
tions from a plane of reciprocal lattice point, here, electrons,
because of their very short.wavelength differ from X-rays.
Nevertheless for a polycrystalline specimen in random orienta-
tion, the diffraction pattefn consists of the typical concen-

tric rings.

Figure 2.2.1.
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Eht

In the present work, direct transmission and diffrac-
tion micrographs of powdered materials and transmission micro-
graph surface replicas of sintered refractory materials were
made using a Philips E.M.100B electron microscope; see Van
Dorsten, Nienwdorf and Verhoeff.i1950§

Specimens were supported by a carbon film laid on.a
copper grid, The carbon film was produced initially by evapora-
tion from a pair of carbon electrodes struck by a D.C. Arc on
to a clean mica surface inside the vacuum bell jar of an Edwarde
Speedivac High Vacuum Coating Unit 12E6. The carbon film of
roughly 2008 thickness was fioated on to distilled water and
each copper grid coated with the film. A copper grid consists
of a 3 mm diameter of # 200 square mesh foil, each hole has side
length of 100 ﬁ%m, the width of the sashes forming the window
vary in size to give a pattern which assists in the location of
a particular area of the grid.

Samples for direct transmission were prepared by dispersing
the powder in water or other unreactive liquid medium together
with a suitable deflocculating agent, for boron carbide addition
of ammonium hydroxide solution {(10% volﬁ/volo) proved to be
adequaté for dispersion. A portion of the solution was placed
on the prepared grid and evaporated to dryness under an infra-red
heat lamp,

Samples prepared as replicas were prepared by pressing a
gob of melted clear polystyrene polymer or by coating with a PVA

emulsion on to the sintered surface, an initial impression served
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-to remove any adherent material from the surface, until it
solidified. The film replica so produced was then shadowed,

i.e, coated with a film of platinum in the coating unit in such

a manner as to 'highlight' the surface structure. The polymer

was dissolved away, uéing chloroform for polystyrene and dilute
HCI for P.V.A., and the film placed directly on to a copper gride.
The grids were placed in the sample holder and placed in the micro-
scope through & vacvum seal at the focal plane of the lens system.
After selection of an area of interest at the required magnifica-
tion the film was exposed for a number of seconds depending on

the intensity of the image. Magnification is determined by re-
ference to the voltage applied to the focussing optics and a
calibration chart. On completion of a set of exposures the film
camera was removed from the microscope and the film, 35mm (Kodak
Fine Grain Reversal) developed in a fine grain developer to give
optimum contrast. Prints were made from the ‘negative' on to
Kodak bromide paper noting the magnification factor of the en-
largement from its negative, in this manner magnifications of

over 70,000 times the original size were obtained.

2.2(d) Surface area measurement by gas sorption

The amount of a gas adsorbed by a substance depends,

inter alie, on the specific surface, i.e. the surface area per

unit mass.

Therefore, gas sorption measurement provide a means of

determining the average particle size of a powder of regular

shape and simple geometry, A general account of the technique

is given by Gregg and Sing (1967).
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The method most widely used is that due to Brunauer,

Emmett and Teller (1938), The B.E.T. equation states :-

' = Ca1oep + 1 ecccmemceca-- (1)
x(po-p) XmC po XmC
where p = pressure of adsorbate vapour in equilibrium
- with absorbent
po = saturated vapour pressure of vapour adsorbed
| x = amount of vapour adsorbed
xm = capacity of filled monolayer
¢ = a constant
Figure 2olelo
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Five types of adsorption isotherm in the B.E.T. classification
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Adsorption isotherms are classified iﬂto five types
as proposed by Brunaue;, Deming, Deming and Teller (B.E,T.
classification. See Figure 2.2.2. Of these, only Types II
and 1V can be used to calculate the specific surface of the ad-
sorbing solid and only Type IV for making an estimate of pore
size distribution. However, Type II isotherms give best agree-
ment with the B.E.T. equation over limited ranges of relative

vapour pressure (Gregg @9611 P-31,56). Thus a plot of P

x{po-p
versus p_results in a straight line graph of slope C = 1
po XmC

and intercept _1_ . Ylimination of ¢ from these two expressions
gives Xm, Thengaorbate can be measured either gravimetfically
or volumetrically (tensiometrically) (Gregg and Sing, 1967,
P.310).

The specific surface, S, is related to Xm by the equation:-

SeXm . N, Am e (11)

M

where M = molecular weight of adsorbate

=
t

Arogadros number
Am = cross-sectional area of an adsorbate molecule

in a completed monolayer

For a substance consieting of cube-shaped crystallites,

the average particle size, 1, is related to S by :-

S = 6 S PRSI O T B

where P = density of the adsorbent
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The same relationship is valid for calculating the
equivalent spherical diameter, similar relationships can be
derived for plate and needle-shaped crystallite powders.

The sorption balance used in the present work is 6§%Qd on
the design by Gregg(1946, 19550) The balance used for low tem-

/berature nitrogen adsorption as described by Glasson (1956)
and B,S, 4359, Part I (1969) and is shown in Figure 2.2.3,

The wiole assembly is encased in glass allowing it to
be evacuated and filled with any desired gas. DBalancing of
the beam is affected by applying a current to the external
solenoid. The instrument is‘calibrated by measuring the

" current required to observe the null-point for known loadings
on the balance pan.

The samples for which surface areas were to be ﬁeasured,
were placed, in turn, into the bucket and outgassed to remove
physically adsorbed vapour, this was undertaken at 200°C to
remove possible moisture (Glasson, 1964}, The adsorbate was
nitrogen gas and the coolant, boiling liquid oxygen, so that
the isotherms were measured at -183°C, The weight of the
sample was determined in vacuo, and aliquots of nitrogen gas
were introduéed into the system. Simultaneous readings of
sample weight and the nitrogen gas pressure were taken when
equilibrium was reached. A final reading was recorded at
room temperature and one atmosphere pressure of #nitrogen,

%The IBY4 Progranme for computing the surface areas was. that
' - .
Feviséd by P.0'Neill and Denise Harris (Plymouth Polytechnic)

and is detailed in Appendix II,
|
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2.2(e) Thermometric analysis

There are a number of analytical techniques which come
under the title of thermometric analysis of these perhaps two
of the most widely applied. One, thermogravimetric analysis
(T;G;A;) is a technique whereby the weight of a sample can
be followed over a period of time while its temperature is
being changed, usually it is increased at a constant rate;
it.iafparticularly sulted for measuring the loss of weight
on the decomposition of a solid to a solid residue and to a’
gas, and also indicates the termal stability of a cémppund in
both inert and in reactive atmospheres.

A thermobalance consists of a modified single or.double
pan analytical balance (Gregg and Winsor, 1945). In the pre-
sent work, a Stanton balance was used having a crucible sus-
vended into an electric furnace, via a nichrome'hire support
from the weighing pan, The furnace winding was energised
through a linear variable programmer (Stanton-Rederoft) and.
tempergiure was measured using a Pt/Pt.-13%Rh thermocouple
attached to a millivolt meter. (Baird and Tétlock-Resilia).
The general set up is shown in Figure 2.2.4,

0.5g of the powder under test were accurately we;ghod
into an alumina erucible (Thermal}l Syndiqate Thermal Aluminﬁ.
attached to the balance and the weight noted. The thermal pro-
grammer was set to give a linear rise (Eoo/hiﬁ) from the ambient
to the set témperature for the run, and the weight of the ecru-
cible reéorded at known intervals of time, In the present work

the reacting gas was air, the relative humidity and the ambient

(95)



| Figure 2920"’0

Thermal gravimetric analysis apparatus

e

ol

[
——

PP U § S

NSRRI
| e
|
4
| bl [E‘ .l
1

U

(96)

A - Analytical balance
B <« Furnace
C - Controller




temperature being recorded:throughout the run., Samples of
boron carbide and other borides were heated between 20° and
1100°C; isotherms being studied in the temperature regions
showing pronounced weight change in the specimen. The re-
action kinetics were determined from the slope of logarithmic
weight changes plotted against the logarithmic time as dia-
cussed in Section I.8, The activation energy of the oxidation
by air of boron carbide was estimated by the Arrhenius equation,
A second method of thermometric analysis is that of
differential thermal analvsis, D.T.A., it was first applied by
Houldsworth and Cobb (192249. Thermocouples embedded in the
test and inert materials were connected in opposition so that
any appreciable E.M.F. set up during the heating resulted from
the evolution or absorption of heat in the test sample and the
temperatures at which such changes occured were noted., In the
present work, D.T.A. equipment based on the design described by
Grimshaw, Heaton and Roberts (1945) was employed - Figure 2.2.5.
0.5g of the sample was packed alongside the reference material,
recrystallized A1203 in a ceramic block. The block was heated
in an electric furhace ( Griffin and George ) controlled by
a linear programmer, (Stanton-Redcroft) heated at a rate of 10
to 20°/min, The temperature of the block and the temperature
differential were recorded automatically over the temperature
range of 250 to 1000°C in order to determine the temperature
required for the onset of oxidation of boron carbide and re-

lated materials by air.
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Figure 2.2.5.
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SECTION 3 - EXPERIMENTAL.RESULTS: OBTAINED .ON THE ‘PREPARED
EORON CAREIDE AND ON RELATED MATERIALS

‘The section includes results of the analysis and the
Bubaequent'tfeﬁtment of the prepared boron carbide to determine
its changes in'surface'activity, crysté11ife and aggregate

‘gizes on sintering.

3e1. . The analysis of the prepared boron- carbide

3.1(a). The chemical analysis showiﬁg the composition of
the boron carbide with regard to its stoichiometry

and to its purity is given in Table 3.1,.1.

TABLE 3.,1.4.

Sample No. 1. ._ 2.
Element wt, % at, % wt., % at.%
) . *3¢: .
boron. 76.2 77.6 74.3 75.6
carbon ..20.8 19.6 | . 20.3 | 18.9
free carbon : 2.8 5.4

CAEEE S _ ;

free B0, -

ree B0 0.1 0.1
oxygen - -
njtrogen : - -
silicen = 0.1 0.1
magnesiﬁh * : 0.4 - 0.15
iron * 0.05 e 0.05
others * n.d;j_ , | n.d,

n.d. not detected-

* spectrophotometrically * volumetrically
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3.1(b) Phase identification of boron carbide bx:X-rax

diffraction

Data obtained from the diffractometer_trace-of the
prepared bo:;n carbide kFigure 3.1.1.) is cémpared with
that obtained from a'commercial sample of boron carbide
.(Norton Norbide)-(Figure 3.1.2.) and the date given in

A.S.T.Mo ca!‘d 6-0555. (Table 3.1 021)
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TABLE 3,1.2,

' B,C (Figure 3.1.1.) B,C (Figure 3.1.2.) A.S.T.M. CARD 6-0555

v

1/1, a(®) /1, a®) /1, a®)  (ma)
VoWe l+.,l+"3 20 4,49 - 30 4,49 101
w b, 02 30 4,02 40 4,02 003
60 3,79 65 - 3.79 70 3.79 M2
i 5 281 0 28 9%
80 2057§ 80 2,57 . 80  2.57 104
100 2,38* 100 2,38 100 2.38 021
w 2,30 w 2,30 10  2.30 113
w 5 2,02 20 2,02 10 2,02 006
w 1,87 10 1,87 10 1,87 211
10 1,71 20 1,71 30 1.714 205
VoW, © 1,63 VoW 1.63 %o_ 1,637 116
- - ' - o 10 1,628 107
W 1,50 15 1,50 20 1,505 303
o i,us_ 20 1,46 30 1,463 125
w 1,45 - 20 1,45 30 1,446 018
w 1.41 20 1.41 30 1.407 027
w 1.35 w 1.35 20 1.345 009
w 1.3k w 1,34 20 1.342 113
W 1,33 w 1.33 20  1.326 223
VoW, 1,29 VoWo '1029 10 1.286 208
| w 1,26 w . 1.26 20 1,261 306 |
i VoW 1,19 VoW, " 1,19 10 1,191 o2 f
I/'I1 -~ relative intensity taking (021) = I, =100

* Spacing for Carbon (graphite)
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3.1(c) Particle size analysis

Sedimentation methods for particle size analysis,
e.8. Andreasen pipette method, indicated that when samples
of the prepared boron carbide were dispersed in water the

terminal velocities given by:-

vV = 2 grz(d1-d2) cm./sec
29
where V = terminal ielocity
g = 98{ cm/'sec2

r = Stokes diameter (cm)

[+
n

density of boron carbide, g/'cm3

= density of water, g/cm3

.

= viscosity of water

showed, that 70% of the sample consisted of 'particles' with
radii-above 30 fam and the remainder displaying a maximum dis-
tribution at or below 1/um radius (Figure 3.1.3.). Further

dispersion (by subjecting the sample to ultrasonic vibration)

altered the distribution curve, and it was evident that the

larger particles were, in fact, aggregates of smaller particles.

On the asauﬁption that aggregation was due to an acidic oxide
layer on the surface of each particle of boron carbide, the
experiments were repeated using a dilute eolutioﬁ of aﬁmonium
hydroxide (1 qolar) to disperse the aampies; results néw
showed the majofity of the particles to be below 1’4m in size.

These methods do not function accurately below 1,un radius as.
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the terminal velocities are extremely elow,>so that such
dispersions are virtually stable. For this reason, other
methods of particle size analysis were investigated.

It was noted that there was some broadening of the
X-ray diffraction lines produced by the prepared boron carbide
(Figure 3.1.1.). The lines obtained by X-ray diffraction have
a finite width due to the collective effect of X-ray beam
width, the aperture of the detector and mechanical imperfection
of the instrument, e.g. recorder response. The instrumental
broadening can be determined readily by examining the diffrac-
tometer traces of a large perfect cryétal of calcite (Cacoj)o-
Superimposed on the instrumental line width there may be an
intringic line broadening arising from lattice distortions,
stacking faults or from the sample being composed of very small
crystallites; the effect becomes significant at dimensions

<’0,1’Lm° The line width is related to the crystallite size;

one commonly=-used relationship is

B = 4integrated intensity of the line = K A
intensity of peak t.cos®

constant (A unity)

where K

)\ = wavelength of the radiation

© - Bragg angle
t = a linear dimension = Q/Gm
Vm = mean crystallite volume

line width (in tez.'ms of 2©)

o
1]
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B is estimated either from the recorder trace as the
peak width at half the peak maximum after subtraction of the
‘background radiation, or using the scaler and printout to
give optimum statistical accuracy. This formula can only
be used experiﬁentally when there is insignificant instru-
mental line broadening. As it is not possible to correct by
simple subtraction the contribution of the instrument broaden-
ing in cases where such broadening is significant, the method
due to Jones (1938) is used. The observed integral breadths
of the lines are first corrected for the fact that they are
produced by thec{fgé- doublet of the copper X-radiation using
the graph, Figure 3.1.4. of b/Bo against é&/ﬁo, where Bo is
the observed. line broadening, b is the corrected width for the
sharp, s-line of calcite (14°43') /\ is the doublet separation

measured in the same units, calculated from the formula :=-
N = 0.285 tan & (Copper K¢ )

The corrected width B, for the broadened m-line of the
(104) spacing for boron carbide (17°31') is obtained from the
same graph, P, the intrinsic broadening, is obtained from the
graph B/B against b/B Figure 3.1.5. In a typical calculation
of the average crystallite size of the prepared boron carbide

(batchf 1) the following results were obtained.
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Boron carbide m - line B = 0,307° from Figure 3.1.1.

Calcite 5 - line b = 0.240°
m - line N = 0,2.85 tan 17°31' = 0,090
o D\ /Bo = 0,293

from Figure 3.1.4. B/Bo = 0,90 B = 0,276°

8 - line Zﬁ

0,285 tan 14°43' = 0,075

s I\ /Bo = 0,313
from Figure 3.1.4. b/Bo = 0,887 b = 0°213°
o b/B = 0,772 from Figure 3,1.4. P = 0.28
hence P = 0.0773° = 0773 x 2T radians
360
St = 1.54 x 360 = 1,200 &
0773 x 2CF cos 17 31° =
(or O°12f;w0

Line-broadening determinations were carried out on
samples obtained from the Andreasen method having maximum aggre-
gate Bize between SFMM and 65’11:1° Measurements were made on the
diffraction lines for (110), (104), and (021) spacings and are
shown in Figure 3.,1.6., together with their corresponding
average crystallite size values which ranged between 200 and
20008,

The (104) spacing in the hexagonal indexing of the
rhombobedral boron carbide lattice corresponds to the (200)

spacing where the rhombohedron is regarded as a deformed cube,
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single crysfals were about yum in size and to have reguiar

Thus, the line broadening for this reflection should afford -

-a measure of average crystallite size nearest. to the.equiva-. .
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lent spherical diaﬁeter. The results gave useful confirma-
tion of those found by gas sorption and electron microscopy.

Measurement by the B.E.T. method of surface aorption.
gave a8 specific surface of 20 m23'1 and the average crystallite
size (o; equivalent spherical diameter) as 0.1um (1000 £) vased
on the assumption that the crystallites are cube-shaped (or

spherical).,

Study by electron microscopy showed that the largeét

e . I e nep3 e ST T G-y
few Uegh e Tt 8la s

shape being very few in number. These crystals were seen
against an almost uniform background of very fine particles
whose average diameters were somewhat less than O.1Fm.

A typical sequence of electron micrographs showing
the particle size range of the boron carbide and the attendant

aggregation and sintering is shown in Figure 3.1.7.
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Graph of values of average crystallite size
by line-broadening for samples fractionated
by sedimentation.
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To distinguish between the relative sizes of the
particles, a sizing graticule based on the design by
Fischmeister (1961), shown in Figure 3.1.8., was placed
over the image recorded on photographic péper; the size of
each particle was estimated and the number of such particles
recorded. The graticule contains sets of circles and ellipses
of equal area forming a geometrical progression of the form
Ao2n° The ellipses have their major axes twice the lengths
of their minor axes, Both sets of shapes were untilized de-
pending on the orientation of the crystallite on the grid. A
typical estimation gave an observable particle size range of
1um to 0,01 um with the mean ranging between 600 and 1,000 {
(0.06 - 0.1pum) based on sample weight. After allowing for
the problems of obtaining a representative sample and of dis-
persing the aggregates, it was considered that this last method
gives the most satisfactory way of determining particle size
range in the submicron region, particularly when used in con-

juncticn with gas sorption.
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Figure 3.1.8,
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Electron diffraction patterns of single crystallites
gave little correlation with the observed X=-ray diffraction
data owing to the impossibility of orieantating the crystal,
with respect to the electron beam, along a known axis. The
rhenomenon of Kikuchi lines observed on many of these samples
was ascribed to lamellar layers of boric anhydride (or hydrigfe)

produced on evaporating the boron carbide dispersions.

5.8 _The vacuum sintering of boron carbide

A vacuum furnace was constructed, being powered by a
four kilowatt radiofrequency induction heater (Delapena E HKW)
with the wound coil external to a 1 in. diameter fused silica
tube (Thermal Syndicate Purox). The tube wes esvacuated by a -
single stage rotary pump (Edwards Speedivac ISI50) backing a two
stage oil diffusgion pump (Edwards Speedivac 403A ); vacua of

2 to ‘10.6 mm Hg. were achieved.

between 10
About 4g of the prepared boron carbide were pressed into
a pyrolytic graphite crucible (Le Carbonne), supported on a
ceramic pedestal inside the tube furnace and heated to tempera-
tures ranging from 1000-1800°C; Temperatures were measured
with a disappearing filament pyrometer (Foster) the crucible
being viewed through a windowrat the end of the tube, correc-
tion being made for the spectral emissivity of boron carbide
at the measured temperature (Kingery 1959), The maximum tem-
perature achieved was limited by the tendency for the crucible

and the tube walling to react; alumina proved unsatisfactory

as it became porous on heating and failed completely after a
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few runs. The general arrangement of the apparatus is shown
in Figure 3.2.1. Samples were heated for periods from ome to
five hours; some outgassing was observed when fresh boron
carbide was heated to > 1000°C, but not when such samples
were reheated. The initial outgassing was probably due to a
surface oxide layer which was removed as the volatile boric
anhydride, B2030 Surface area and average crystallite size
measurements were made on each sample after heating. Results
are shown in Figure 3.2.2. and pronounced sintering of the
powders is indicated particularly at the upper temperature
regions;-however, such sintering was confined to the smaller
crystallites as the samples remained in powder form and showed
no tendency to bind. X-ray diffraction patterns Birmre=3-3=3.
=Entio=3s354. showglan increase in the amount of free carbon
as the samples sinter. The effect of adding fine chromium
powder (10% by weight) was to further increase the degree of
sintering, as indicated by an increase in . the average crystal-
lite size. X-ray diffraction confirmed the presence of a
mixture of chromium carbide and diboride in samples heated

above 1600°C.

3.8. Hot pressing of the prepared boron carbide

Samples of the boron carbide were compressed in a gra-

rhite mould set between hydraulic rams and heated to temperatures

above 2000°C by a 36 kilowatt R,F. induction heater (Wild -
Barfield). Figure 3.,8.1. Burnt lime, CaO, was used to contain
the heat of the die set (more recent work shows that graphite

wool or carbon black are better media for heat retention).
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Figure 3.2.1. High temperature vacuum furnace for
sintering studies.
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Figure 3. 3.1.

boron carbide,

[

N

Hotpressing set up for compaction of

H
(o} Z//// 1 "///3/ o]
7, . 7 ///
//// /7 A
G|, D '/// o .
Relt 7| V2]
R . //// 14 ©
of /1 21 ©
’ /C / / ;///////, :
11yl
A ,,,///,, vy
H Hydraulic ram R - R.F. Coil
G Pressure gauge A - Asbestos shield
I - Ram-Travel indicator D - Graphitedie
Cc Carbon black P - Optical pyrometer
B - Boron carbide S5 - Sighting tube

(115)




A constant pressﬁ;e of 300.K3/bm2 was applied to
the compact; at cold, consolidation of the powder amounted
to 40¥ of the theoretical density, which increased to about
70% when the temperature reached 1000°¢ although no binding
occurred, and remained so until a temperature above 2000°¢
was achievedh(gn estimated temperature of 230dzﬂas'achieved
on one run). Temperatures were measured using a disappearing
filamen£ pyrometer (FoetérihstnmmntL When coél, the compact
was removed frﬁm the mould; the majority of the epecimena-
showed good surface finish and extreme hardness. The aintered
boron carbide was sectioned on a diamond grit wheeln(Builéqk
Diamond Products). Sections were examined for their denéity
by high density media (Sym. tetrabromoethane and éarﬁog

tetrachloride mixed in various proportions) and the phase

identified by X-ray diffraction Table 3.3.1,

3.4, The ball-milling of the prepared boron carbide.

6g. samples of the powder were ball-milled under standard
condition, i,e. a-conatant ratio of sample weight to number and
si?ea of the porcelain balls, in a porcelain mill for different
lengths of time. Changes in specific surface, S, and average
crystallite size determined by gas sorption (Section 2.2(d))
are shown in Figure 3.#.1.- The specific surface, S, remained

. aflrec

practically constant during the first Sh.prhich it progressively
increased. While ‘the average crystallite sizes, as determined by

gas sorption, remained constant, X-ray line broadening (section

3.1(c)) showed development of strain within the crystallites as
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TABLE _3.3,1,
;-Buc. A.S.T.M. CARD 6-0555 . 'il
| _ co
% L I/1 a(f) /1, a(f®) (bk1) |
]
§ 15 4,49 30 h.49 101 %
L uo 4,02 40 4,02 003 |
I 20 3.79 20 3,79 012 |
i 50 3.38(carbon) 100 3.35 001
[ 25 2,81 30 2,81 110
. 80 2.57 80 2.57 104
{100 2.38 100 2.38 021 ;
b 10 2.30 10 2.30 113
: ? 20,2 10 2,02 006
i 10 1.87 10 1.87 211 |
P 30 1.714 30 1.714 205 |
L7 1.637 10 1,637 116 .
é 5 1.628 10 1,628 107
s 1.56 -
{30 1.505 20 1,505 303 !
| 4o 1.463 30 1,463 125
35 1,446 30 1,446 08
é 4o 1.407 30 1.407 027 !
j 20 1,345 20 1,345 009
. 20 1,342 20 1.342 113
; 20 1.326 20 1.326 223
P 1.286 10 1,286 208
;20 1,261 20 1,261 306
.7 1,191 10 1.191 ok2
I/'I1 - relative intensity taking (021) = I, = 100

®* ASTM 13.148 spacing for graphite
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' there was additional ine broadening in excess of that due to
vy :
the particle size of the material. Further milling decreased
the average crystallite size and further strain developed as

)
indicated in Table '3.4.1.

TABLE 3.,4,1,

Milling |Average |Intrinsic(104 reflection) Internal”| Apparent®
time,h, | cryst. broadening caused by strain strain
size,®, |Cryst.size 4| Cryst.strain ﬁa e, ‘ I)
0 1160 0.080° ! - - -
10 730 0.127° 0.108° 0.0030 | 0.0060

. fg a -2¢ tan & (see Klug and Alexander 1954)

and V) = ﬂ cot ©

In the course of milling, the material became porous, as
indicated by the development of some hysteresis in the adsorption
isotherms. As noted in Section 3.1. the original materialjcon-
sisted of large crystals of about 1 pm and below in size and éggre-
gates of smaller crystals all below 0.1 f&rnJ Electron mi;}ographs
of the milled samples, Figure 3.4.2. indicated that during the
earlier stages of milling only the larger crystals are reduced in
sigze and hence the average crystallite size was not decregsed
'markedlj. Compaction of the aggregates lead to the devefzpment
of porosity, with the type Il isotherms tending towards type IV

.and showing some hysteresis even at very low relative pressures,
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Table 3.4.1. Ball milling of boron carbide

60 ° a) specific surface

S .

b) average crystallite size

500 ;

) 5 10 15

milling time, hours
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SECTION 4, THE OXIDATION OF BORON CARBIDE

The section concerns the behaviour of the prepared boron
carbide in reactive atmospheres, for example, air, at high tem-

perature,

L4,1. The kinetics have been studies for the oxidation of boron
carbide with (i) carbon dioxide over the temperature range 600

to 750°C by Davies and Phennah (1959), (ii) air and water vapour
between 200 and 750°C by Litz and Mercuri (1963), (iii) pure
oxygen between 515 and 646°C by Harvey (1965) and (iv) in d?y
air between 503 and 527.5°C by Dominey (1968). The following

reactions are proposed :-

1. Dry 602 ‘
a) B,C + 7co2 s 213203 + 8Co
or b) th + 3C02 - 2B203 + L4¢C
{
2. Dry air and oxygen
—
a) B,C + 402 % 213203 + co2
or b) B#C + 3%02 > 23203 + CO
or c) B4C + 302 S 23203 + C
3. Water vapour
a) B,C + 8H20 > .213203 + co2 + 832
L'
or b) B#C + 6H20 > 23203 + C + 6H2
with associated 3203 transport via
N
c) BZO3 + H20 > 23302 (g)

(118)




In all cases, study of the kinetics of.the above reactions

was made using thermogravimetric analysis with, generally, some

analysis of the reaction poducts, The percentage weight increase

for complete oxidation via reactions 1(a), 2(a) and 2(b) is
152%; via 1(b) 245%; via 2(c) 174%; and the percentage weight
decrease for reaction via 3(a) is 100% and via 3(b) is 88% when
transport of B203 occurs via 3(c).

Complete reaction is rarely achieved; being dependent on
the temperature and the phases present durinq reaction. Never-
theless, all appear to be principally controlled by the rate of
diffusion of the oxidant; e.g. 02, through a viscous layer of .
boric anhydride, B203, exceﬁt in reactions 3(a) and 3(b) at low
temperature, #50°C, when the product B203 layer is removed by
water vapour as it is formed. At temperatures in the region of
650°C and above the liquid viscosity and surface tension of the
Bao3
to coalesce into a glassy compact. Tﬁe volatility of 3203 is

insignificant at these temperatures.

influence the reaction rate in causing the separate aggregatey

In the present work, samples of the prepared boron carbide

were heated in the thermogravimetric balance described in Section

2.2(e) at 500, 600, 650; 700, 750 and 800°C in an atmosphere of

air and the change in weight of the sample over a period extend-

ing to several hours. The results obtained are shown graphically

.as a direct plot and as a logarithmic plot, Figure 4.,1.1. In

this way the slope of the tangent of the graph serves to indicate

the order of reaction, since

L) = kcn

de
dt

(119)




where c concentration at any time t, and is proporticnal

to the change in weight.
n = order of reac@ion

Figure 4.1.1. Weight change on oxidation of BQC in air.
. .
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Thus, at 500°C there appeared to be little reaction
on the basis of weight change, a situation which was main-
tained until the temperature was raised to 600°C when oxidation
occurred as a first order reaction, At higher temperatures,
the order of reaction changes being 2/3 at 650°C and 4, or
parabolic above 650°C° In all cases, after a sufficient in-
terval of time, the reactions came to a standstill with less
than 50% of the material oxidised on the basis of weight change,
Determination of the water soluble boric oxide by titrimetric
analysis, Section 2.2(a), on completion of the thermogravimetric
analysis, indicated, that in fact more than 70% of the boron
carbide had been oxidised. It was gvident that some loss of
3203 had occurred due to presence of moisture in the atmosphere,
maximum humidity being recorded as 70%RH at 20°C during the
oxidation (equivalent to 1.75 vol. % or 12.3 mm.Hg pressure of
water vapour),

According to Litz and Mercuri (1963), reaction would be
favoured at the lower isotherms, which is evident from the re-
sults for 650°C when BZO3 is being removed almost at a rate by
which it is being formed.,

The energy of activation for the oxidation of bqron car-
bide was determined by the Arrhenius method of plotting the

logarithm of the rate of oxidation against reciprical tempera-

ture (°K) as in Figure 4.1.2.
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after 10 minutes

mngo

Figure 4,1.2. °

1 02'

R 0.9

The value obtained of 23 9 kilo-calories per gram molecule
of B#C is in accord with the values of 11 kilocalories per mol.
obtained for reaction 3(a) and 47 kilocalories per mol, for

reaction 2(a) by Litz and Mercuri (1963).

4,2. Supplementary to the above work, 5g samples of the boron
carbide were heated in a furnace at 700°C in air, for %, %, 2,
1, 2 and 4 hour intervals of time to estimate the extent of

sintering during oxidation. Determination of the surface area

by gas sorption analysis, Section 2.2(d), on the cooled samples



freshly oxidised, and following washing with hot water to

remove the boric acid gave the results tabulated in Table

b,2.1,
TABLE 4,2,1,
Boron carbide oxidised in air at 700°C
. 2 =1

Time % wt % oxidation S, m"g

hours |increase | egn 2(a) egn 2(c) |before washing after washing
0 O 0 0 2006 ———
i 16,7 1.0 9,6 4,4 35,7
+ 22.1 14,5 12,7 4.1 42,6
% 30,9 20,3 17.8 3.4 —
1 41.8 27.5 2k .1 2,0 56,8
2 53.8 35.4 30.9 0.8 - 24,8
4 68.2 44,8 29,2 0.3 —

The expected reduction of surface area on heating is due to
(i) preferential oxidation of the smaller crystallites, and (ii)
aggregation of the remaining crystallites and sealing of the pores
by the liquid 3203° However, none of these mechanisms correlate
with the marked increase of the surface area of the unreacted
carbide following leaching, unless the larger crystallites under-
go splitting. Phase identification by X-ray diffraction, Section

2.2(b) showed a pronounced increase in the free carbon present in
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these'aaﬁplés; Figure 4.2.1., which was significantly broadened,

Carbon - )
001 . | 104 " 021

12

'\ .
3 : 14”37__: 18

where as the peaks for the (104) and (021) spacing of the boron
carﬁide showed no appreéiable changes in half peak ﬁroadening
but had modified profiles. Should splitting of the unchanged
boron carbide crystallites have occurred through spalling at the
carbidg-oxide interface when the samples were cooled then re-
heated samples would not have proceeded to giv;‘oxidation rates
similar to.those of samples which had been continuously heated.
Inrpfactice, there was no distinction between these samples.
Assuming that the boron carbide and cafbon are separate
phases their individual surface areas were estimated on the

basis of reaction 2(c), viz,

(124)
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and are given in Table 4.2.2.

T ABLE 4,2.2,

Surface areas and average crystallite sizes
produced on oxidizing boron carbide

> _1 Average

Time % wt % oxi- | wt fraction Surface area (m"g ) |crystal-
hours |increase| dation B,C C B,C+C B,C A c |1lite

4 4 4

Size
O 0 0 1 0 2096 2096 - - -
% 16.7 9.6 0,904 [,021 | 35,7 | 19.2 [16.4] 783 | 34
3 22,1 12.7 0.873 |.028 42,6 | 23.8 |23.8 | 850 31
1 41,8 | 24,1 | 0,759 [.052 | 56,8 | 39.6 [39.6| 762 [ 35
2 53.8 30,9 0,691 | .067 74.8 | 58,7 [58.7 | 876 30

o
The X-ray broadening of the carbon peak gives the dimension

along the C-axis of 823, assuhing a uniform hexagonal crystal habit,
where the edge of the pfism base is a multiple of the C-C distance
of 1,428 and the prism height, a multiple of the interplanar spacing,

3o353, the edge dimension is:

34,75 R

[0.2)
N
b
-
o
F—
n
n
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compared with the average crystallite size from gas sorption
. determination of 32.580 Hysteresis was shown by the sorption
isétherms ;f the more oxidised samples, Figure 4.2.2, indicating
that the carbon has porosity and lacks crystallinity. The method
of computation of the B.E.T. isotherm by digital computer (I.B.M.

1130) 38 given in the Appendix,

Adsorption of N, on oxidised boron carbide

2
(In air at 700°C for 2 hours, after washing)

. )
——
—

I

0,02
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4.3, Chemical anaiysis and eiectrqn microscopy were employed
to indicate the gqmposition and appearance of the boron carbide
following oiidaﬁion, Sections 2.2(a) and (¢), the results are
tabulated in Table 4.3.1. for the chemical analysis and in

Figure 4.3,1. for the microscopy.

TABLE 4.3:1: The chemical analysis of the products of
—— . oxidation of boron carbide in air at 700°C

Ti?e of B203 %:th Residue after washing
oxidation s e

h water |oxidised

' soluble %B | %C | % B,C % free caybon

% 14.7 7.0 74.9 25.8 | 94.4 5.6

3 25:9 | 125 72.9|27.1 | 92.7 7.3

1 40.1 23.6 71.4)28.6 | 90.8 | 9.2

2 54.2 35.0 70.9 _29.1 90.2 - 9.8

4 67.8 501 68.4 | 31.6 87.0 - 13,0

4.4, Differential_thermal analysis, D.T.A., as described in
Section 2.2(&) was used.td deterﬁine the minimum temperature for
the onset of oxidation of boron carbide in air. The boron carbide
was diluted with the alumina powder before placing in the sample
holder and with alumina as the reference, heated between 600 and
700°C at the rate of SOC per minute. The leading edge of the
D.T.A. curve was registered at 637°C; reaching a maximum at 640°C;

due to the highly exothermic oxidation of boron carbide (Smith et

al. 1955) a deflection was maintained to above 700°C.
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SECTION 5. THE FORMATION OF TITANIUM BORIDE

The section covers the formation of titanium boride on

to a substrate of titanium alloy by reaction with boron carbide,

o1, Titanium, one of the lightest of the transition elements,
has other desirable properties of strength and toughness as well
as resistance to corrosion. In the pure state it exists as the
alpha, hexagonal, form which transforms to the beta, body-centred
cubic form at a temperature of 882°C., Alloy additions are either
alpha= or beta-stabilizing depending on whether they raise or
lower the transformation temperatu;e; there are three basic types
of alloy according to McQuillan and McQuillan (1956)° The first,
alpha alloys, contain only alpha stabilizers, or a predominance
of them, namely 0, N, C, and many nontransitioﬁal elements, e.g.
Al. Sn, Cn. Some have a sméll amount of the beta form in the
structure at room temperature and are known as ‘near' or 'super’
alpha alloys. The second type, alpha=-beta, contain additional
elements which stabilise the beta phase to such an extent that
the microstructure, at room temperature, consists of a mixture
of the alpha and beta phases. The beta phase is stabilized by
the addition of transition elements such as Fe, Cr, Mo, Mn and
V. These alloys are of immense value as they can have their
mechanical properties controlled by precipitation hardening. The
third type, beta, are all beta at room temperature and contain a
large proportion d‘beta;stabilizing elements, Mo, V and Cr. These
have limited applicability. The constitutions of a number of

alloys of all three types are summarised in Table 5.1.1.
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5:151;

TABLE

The composition and phases of commercially available

titanium (I.M,I, Limited)

I

Density

.
i
i

i
;I.,M,I° | B.S. Spec. Composition Phase Class g/cm3 Remarks
l 130 - Commercially pure Alpha I 4,51 (become succes-
. (sively mechani-
i 160 TA, 7,8,9, " " " I 4,51 (cally stronger
| 230 TA,21,22,23,24 Ti - 2,5 Cow " I 4,56 Ductile, medium
i ! strength
‘ 34 - ™ - & Al-4Mn i Alpha-beta | ITI(2) - - !
} : ; I
P35 - Ti - 2 Al-2Mn . Alpha-beta II1(2) 4,51 | low strength
: ; ) i !
317 TA,14,15,16,17, T4 - 5 A1-2.5Sn  ° Alpha-beta | III(1) 446 g medium "
; ; |
318 . TA,10,11,12,13,28, | Ti - 6 A1-L4V ; Alpha=-beta | III(2) bob2 " "
205 ¢ - | T =~ 15 Mo beta 1I - high "




Figure 5.1.1, Titanium-Boron FPhase Diagram
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Titanium readily forms a series of binary compounds
with the light elements, boron, carbon, nitrogen and oxygen,
which are refractory and often of extreme hardness, The

phase diagram for the titanium~boron system is shown in

Figure 5.1.1. Of the compounds, Ti_B, TiB, TiBe, TiZBB' and

2
TiB12, only TiB2 is stable at room temperaturg according to
Samsonov (1960); both Ti,R and TiB disprovortionate to TiB,
and Ti according to Palty et al {1954), the same workers
have shown that the sclubility of boron in titanium does not

exceed 0.05% between 750 and 1300°C,and is only 0,1% at the

eutectic temperature ( ~ 1650°C).

W2 Moissan (1895, 1896) and Wedekind (1913) first obtained
titanium diboride by sintering compac;ed powders of the two
elements. Andrieux (1948) produced TiB2 by the electrolysis
¢f fused mixtures of TiOZ, B203, Ca0 and CaF2 at temperatures
of about 1000°C. Gas phase production of a compound approxi-

mating to TiB_ was carried out by Moers (1931) heating TiC1,

2

and BBr3 between 1400 and 1800°C. Other methods depend on the

reduction of the metal oxide and boric anhydride by carbon by

the following reaction :-

+ 5€ » TiB, + 5CO

T:LO2 + B20 5

3

but in the proportions 1:4:7 as against 1:1:5 demanded by
stoichiometry nevertheless the product still contains 2% free
carbon (Blumenthal 1956). Kieffer et al (1952) have developed
a 'borocarbide' methcd of production which consists of the

reactions :-
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Ti + B#C + 3203 —> TiB2 + CO

- oy
or Ti + T:LO2 + Buc = TiB2 + CO

carried out in a Tammann furnace.at between 1800~2000°Co An
alternative method developed by Samsonov (1956) was based on

the reaction :-

2 TiO, + BQC + 3C = 2 TiB, + 4CO

2 2

1 to 10‘2’2 mm Hg, and at a tem-

conducted under a vacuum of 10
perature of 1400 to 1450°C and contained a carbon content of
between 0.01 = 0.3% of carbon after one hour, Thermodynamic

data (Section 1.7) indicates that the reaction :-

2 Ti + th 'E?;TiBZ + C

is feasible over the temperature range 0 to 4000°K and is

exothermic and that TiB2 is formed in preference to TiC.

S503. In the present work, various alloys of titanium (Imperial
Metal Industries (Kynoch) Ltd.) were sectioned by a diamond grit
wheel (Bullock Diamond Products) and polished, Each section was
coated to a thickness of about 0,1 mm with the prepared boron
carbide powder by evaporating a suspension of the material in
water to dryness under an infraheat lamp. The specimens about

1 em in diameter, were placed in fused alumina crucibles (Thermal
Syndicate) and loaded into the high temperature vacuum furnace

(Metals Research P.C.10),
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re 5.3.1 High temperature Laboratory Furnace
(Metals Research, Type PCA10)
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o [ F - Furnace
= A - Crucible
L I C - Control Unit
i F = Flowmeter
H ! L - Lowering device
& =2 N - Needle valve
i
L’F}::é Argon
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For vacuum and inert atmospheres (argon) a small amount
of titanium hydride, T:lH2 was placed in the furnace to getter

any residual O2 and N, in the system. Specimens were heated

2
to temperatures between 1000° and 1600°C for a period of one
hour, and were cooled slowly allowing the titanium phases to
equilibriate. The specimens were surface-etched by immersing

quickly in a 1:1 mixture of HCl and HNO, and washing under water.

3
The phases on the surface of the titanium metal substrate were
examined by X-ray diffraction and by electron micrography of

replicas.

égii The lattice spacings, for coated specimens heated at
various temperatures, obtained from X-ray diffraction traces,

are tabulated in Tables S.k.1(a), 5.4.1(b), S.4.1(c) and 5.4.1(d),
alongside the published data for B,C, C {(graphite)}, alpha Ti,

beta Ti, TiBz, TiB, TiC, TiN, TiO, Ti.O2 and any alleying element

in order to establish concordance.
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TABL

E  5.4.1(a)

X-ray diffraction d-spacings, 3, obtained from the boron coated titanium«Comm, Pure
(I.M.I. 130) heated to 1400 C for two hours under argon

T4iB J
Boron. Base Ti |B, Ti |Alloy | Ti,B cubic.iorfhd—%TiB? TiC TiN | TiO Ti0, | ByC
Coating!Alloy |5,0682 {calc, Palty [calc. | 5.0700{8.,121 6,0614[6,06%2] 8,117 14.0551]5.0555
3.18w 3.67 3.053m| 3. 22w 4,05 |[b4,49
2.98m |2,98m 3.2458( 4,02
2.83w 2,62m 3,798
2,585m [2.58m P.557m 2081
2,518 |2.56m 2.538s 2.543812.51s i 2.578
2.468 2.46s8 2.blsg 2,489
o 2,343s 2,346s 2,407 2.38s
2:318 [2,.3%6m P.342m|2.3108
2.338 2,297 12,30w
202"’\\' 2o2‘+v5202'+l+s 2(:263“
2,1s 2,157m 2,161m 2,179s | 2.188
'2012vs 2,138 | 2,1408 12,128 |
t 2,0855!20054 2,02w
2,03vs | 2,0338 '
1093w $1,91m 1,950m 1,956m l
1085w . 1,856m 1,863m | 1.87w
£ 1,75 11.72m 1.726w 1. 748m 1,755 ; l 1.714m
1,63 1,63 1613w, ; 1 1,637
i ; | | 1,628
10515 i 10"'75“ . 10528“11051‘“110535“1 } ;1o687 1a505
1 1o 467m1 0332w {1, 33m - 1,3628; 1461w, 1.496 : 1,475 | 1,463
(1:327m .. [1.28w | 1,.3628! 10311m| E E 1,446
. 10 247w ; | 1023m | ; 1255wl 1,277 | 1,259 1,407
; 5 ! i ; ! 10223 | 1,205 |
*A.S.T.M, Card Index: W - weak, m = medium, 8 - strong, vs - very strong
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TABLE

Sak.1

(b)

X-ray diffraction d-spacings, ﬁ, obtainedofrom the boron coated titanium, 2.5 Cu,
(I.M.I. 230) heated to 1400 C for two hours under argon

Boron Base Ti !Bo Ti |Alloy |Ti»B 'cuBYE%'orfﬁo 1118, TiC TiN Ti0 TiO» } B, C
CoatingiAlloy 5,0682;calc° Copper|Palty |calc. [5.0700{8,121 |6,061%4{6,0642! 8,117 [4,0551]5,0555
3.18w ! 4,0836!3,67 3,053m {3,22w b,05 |b4.49
2.98m 3.2456 (4,02
206251 30?93
2.585m {2.54m | 2.557m) 2,81
20518 205385 205433 20,518 2.578
20465 20465 20"’"8 20‘489
2.343s 2,3468 2,407 | 2,388
| 20318 [2.33m | 2.342m|2,.3108 l
! 20297 |2,30w
F2.2bw  |2,2bvs| 2, 2U4s 2,263w g
P 20148 2.157m 2,161m 2,179s ‘2,188
1 2,12ve 2,138 [2.140s 2,128 |
: 2,088s 2,0858: 2,054 [2,02w
2,03vs 2,033 | 5
1.93w 1.808m{1,950m 1.956m i
1.85w 1.856m 1,863m | 1.87w
1,75 1.72m | 1,726w! 1,748m 1.755m : 1.714m
1,63 | 1063m 1613w 2 1,637
! i 1,628
1515 11.47m | 1,475w! ‘ 10528w |10514wj 1,535m! [1.687 [1.505 1
1.303m} 1.332w;1.33m | 1.3628 1. 461w L 1496 {1,475 ) 1,463
: £1.278w £1.28w 11,3628 1,311’ o 1,446
! ;1247w t 11.23m | 10255w; 1,277 11,259 | 1.407
* A.8,T.M. Card Index: w - weak, m - medium, 8 - strong, ve - very strong
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TABLE

Sel.1(c)

X-ray diffraction d-spacings, R, obtainedofrom the boron coated titanium-
15 Mo (I.M.I. 266) heated to 1400 C for twc hours under argon

! l ‘
. Boron |Base T4 IB, Ti |Alloy |Ti,B [€UiE.{oFEES TiB, | TC | TiN | Ti0 | Ti0, | BC
| Coating Alloy |5.0682|calc. | Mo  iPalty lcalc. | 5.0700 8,121 [6,0614 |6,0662| 8,117 [4,0551|5,05855
'3013w ! 13 69 3,053m 3.22w 4,05 4,49
I 2098:11 ! ,’ ! . 5021"55 4002
] ! 1 :2062m 30795
! 2,585m 2,557 :- : 2,81
|2.518 i2.51m 12,5385 2.5438 2,518 | . 2,578
i20465 2.46s , 2.4bg 2,489
: 2.34k38 2.3466 2.407 2.38s |
12,316 ;2.318 |2.342u!2,3108! : i
gfzw 120238 ' 2,244s] 12,225 [2.263w! ] ; 20297 2030w
ol4s : : 2.157m 2,161m! 2,188
2.12vs | } ; ' 2.13s | 2,1408! 20128 i
i : : 290855 2&05"‘ 2002”
i 2.03vs | @ i 12,033
| 1293w | | : 11,950m  1,956m,
| 1.85w ! ] 5 1,856m:! ' 1,863m; 1,87w
1.75 | T.726w| ! 1o 748m, b, 755m 1.714m
1,63 !1063m : (1.63m | : i . £ 1 613W! 1.637
H ," ‘ ! 10628 ]
 1:515 | ' 1,475w; P 1 574m; ; 1.528w 1 51uw|1 535m 1,687 11,505 |
; i | 10352w|1.33m | 11,3628 T 1,461w 1,496 | 1,475 1,463
; :1033mi g i | (128w § 1, 5628{ !1 +311m 1,446
: ! 10247w| | | }1023m | 1.255u] 1,277 t 1259 1,407 |
: , ! | 1, 285m[ , a : ; 1,223 i 1,205 ‘
[ H i f i 1 i ? : i
* A.S.T.M., Card Index: w = weak, m - medium, e - strong, Ve - very strong
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S5.4,1(d)

X-ray diffraction d-spacingsv R, obtained from the boron coated titanium 6Al

QV(B) (I.M,I. 318) heated to 1200°C for two hours under argon
Boron Base Ti B, Ti {Alloy |Ti,B cublc? grtno TiB> TiC TiN Ti0 Ti0> | ByC
Coating}Alloy | 5,0682! calc. |Al/V |Palty icalc. ;5.,070018,727 16,0614|6,0642[8,117 | 4.0551] 5,0555
3018W 306? 30053“”3022“’ ‘l°05 4,‘&9
" 2.98m ’ : 3.2458] 4,02
! ! 3,798
2,585m | 2.557m, 2,81
2,57 !
‘2,518 {2.5m , 2.538s 2.5438 2,518 2,578
. 20""63 H f 20465 20""45 20“’89
2,38 | i 2.343s 203468 2,407 2.38s
2.318 2,318 | 2,342m{2,3108|2.338s :
202"’“’ ;20238 2o2‘+43 20263w 3 i 20297 2030”
2,148 5 2,148 |2,157m j2.161m 2,188
2.12vs ! - 2,138 12,1408 2,128
: } : , 2,0858! 2,054 |2,02w
2,03vs 2,02km| : 2,033
193w | ; 1.950m :1.956mi
1.85w 1 ; - 1,856m 1,863m! 1,87w
1.75 | | 1a726w] 1,748m . 1.755m: : 1. 714m
11,63 t1,63m £1.63m ’ '19613w | ! 1,637
: | ! | 1 5 1,628
1,515 | 1o 475w 1528w 1,51bw. 1,535m] 1 1,687 | 1,505
i 1.332w:1,33m | 1.431w| 1,3628 1,461’ 1,496 | 1,475 1,463
i 1633m | : 10238w 1,28w 11,3628 "1.3Mm 1,446
‘ 1.247w wi 11.221w 10,23m - £1,255w] 1,277 1 1,259 1,407
| i i i ; : i ]1 223 ;1 «205
! -
* A.S.T.,M. Card Index: w = weak, m - medium, s - strong, ves - very strong







The X-ray diffraction intensities indicated that the
final surface coatinges had depths of some 100um and had the
same composition and phase irrespective of the composition and
phase of the titénium alloy substrate. It was found that the
principal phases were TiB, cubic and orthorhombic, TiBa, and
beta Ti and very little alpha Ti even when the substrate was
pure alpha (I.M.I. 130, Table S.4.1(a), Specimens heated above
1400°C were uncontaminated by any carbide or free carbon phase;
this 48 in accord with Mercuri et al (1959) who showed that the
oxygen and carbon content of metal borides can be reduced by
heating above‘1h00°C under partial vacuum., A possible tétrgl
gonal phase of a lower boride was not discounted, however, it
was impossible to resolve it from the almost identical spacings
of the orthorhombic TiB (a = 6,108, ¢ = 4,538, and a = 6.12%

b = 3006ﬂ, ¢ = 4,568 respectively),

Dodo When transition metals are combined with light nonmetals
(carbon, nitrogen, hydrogen) so called interstitial phases of
these atoms in the pores of the metallic lattices are formed.
The interstitial phases are formed, according to Higg (1931),
under the condition that the ratio of the radius of the non-
metal to the radius of the metal atom does not exceed 0.59.
They have simple structures F.C.C., M.C.P. and B.C.C. Above
this ratio, more complex structures are formed but titanium and
boron give the limiting ratio of 0,59, As a result, pure alpha
titanium accommodates boron (from boron carbide) giving, ini-

tially, a lower boride Tin which has a tetragonal lattice when
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x & 0,2, (Palty et al, 1954). This boride disproportionates
peritectoidally into beta Ti and TiB at a temperature above
900°C° The monoboride is normally of the orthorhombic-P,

FeB type when near stoichiometric, TiBy (y = 1% 0,1) (Decker
and Kasper (1954) (Taylor and Kagle (1963)), a cubic, NaCl,

form of TiB, a = 4,21B(Ehrlich, 1949), a = 4.26R(Glaser, 1952),
exists when some C, N or O is present for stabilisation; excess
carbon causes disproportionation to TiB2 and TiC but formation
of the latter is precluded by the presence of excess boron.

Below 680°C TiB also disproportionates to TiB2 and presumably
alpha Ti (Palty et al (1954)); :?msonov (1956), reporting on the
saturation of annealed specimensnpigh purity titanium with boron,
indicates that the only phase evident at room temperature is the
hexagonal TiBa. In the present work, as indicated, there is a
mixture of phases, despite slow cooling under argon, It is con-
sidered noteworthy that the spacings for (110) of the beta
titanium, B.C.C. and for (111) of the orthorhombic TiB occur

at 2,313 thus giving mutual stabilisation when a specimen is
quenched resulting in 'frec¢zing=in’ the metastable phases. The
surfaces of the untreated and treated metals were polished and
etched metallographically; direct photomicrographs and electron-
micrographs of replicas of these surfaces are shown in Figures

5¢5.1. and 5,5.2. respectively,

2060 Attempts to polish the coated specimens by the normal
metallographic techniques proved difficult as the surface was

extremely hard. Hardness tests by the usual indenter were
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impracticable owing to the thinness of the surface and the.
relative low hardness of the titanium, The surface withstood
the abrasion of carborundum,‘SiC9 and corundum, A1203; only
with diamond was it possible to remove the surface, Titanium
alloys show a pronounced tendency to gall, i.e. metals in
contact binding together; attempts at case-hardening titanium
and its alloys by either surface heat treatment of an age-
hardened alloy, or, by a superficial layer of metal containing
O, N or C, have been of limited success, Titanium heated in

O, or N, at 1000°C has a layer which exhibits spalling and

2 2
gas carborization yields a carbide surface of between 25 pm
and 1r~m thick, however the presence of any hydrogen is most
undesirable during the fabrication and use of titanium and its
alloys. The case-hardening of titanium and its alloys by boron

appears to offer the control lacking in the other techniques

and is the basis of a patent application by the Author (1969).
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SECTION 6

The section summarises the conclusions derived from the
results obtained in the previcus sections and suggests a theory
fof the phenomenalogical formation of boron carbide and a number

of related compounds.

6.1. The preparation of boron carbide

The material produced by the magnesium thermal reduction
of boric oxide, 3203' in the presence of carbon black, described
in Section 2.1.,, was of composition corresponding to the stoichio-
metric formula BQC, but contained some free carbon. The unusual
feature of this reaction is the fact that both reaction products
- boron carbide and magnesium oxide ~ are refractory compounds,
in which case, each boron carbide particle is separated by mag-
nesium oxide which precludes grain growth and results in the ex-
tremely small crystallité size. Further crystallite growth can
only be achieved by reheating the separated boron carbide to 1800°¢
or grain growth by ball milling for several hours (Samsonov, 1960,

p.186).

€.,2. Sintering of boron carbide

The sintering of boron carbide, inasmuch that the crystal-
lites grow in size, was achieved by heating the prepared boron
carbide, under vacuum, at temperatures between 1000-1800°C. Phase
studies indicated some loss of boron, particularly at the higher
temperatures; there was no tendency for the particles to adhere,

Thus, the Tammann temperature, which indicates the ratio of the
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temperature at which particles begin to aggregate and adhere
compared with their melting point, kelvin,lfor boron carbide
is much greater than the 50-70% found for many ceramic oxides
and nitrides. It was reported by Jackson (1961) that for most
borides and carbides, inclﬁding BQC, final consolidation of the
material is not achieved until a temperature of about 90% of
the melting point is reached., This can be explained in terms
of the increased covalency of these compound, compared to many
oxides, inhibiting the diffusion at the surface and at the grain
boundaries characteristic of many oxides and ionic nitrides.
For this reason it is not possible to compact either diamond or
borazon (cubiec BN) by sintering (with or without pressure) to
‘a pore-free state, as these represent the ultimate in three-
dimensional pure covalent bonding of the constituent atoms,
Compaction of boron carbide to almost theoretical den-
sities was achieved only by hot-pressing to a temperature above
2,300°C (m.p. B,C 2,450°C) and at pressures between 200 and 300
Kg cm.2 (1imited by the working pressure of the graphite mould
sgts), despite a rapid consolidation of the powder to about 30%
pore density at a temperature of 1000°C, These results confirm
those of Hashimoto and Toibara (1969) which show the mechanism
of sintering of boron carbide to occur via a process of plastic
flow as a result of the temperature and load causing deformation
of asperities and consequent adherence according to the Murray
Model equation for pressure sintering: g—]: = % . (1 - D), where

ab is the densification rate, P is the applied pressure, 6) is

dt
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" the viscosity and D is the relative density. It éhould be

noted that a similar result for alumina, A12039 where Tm = 94%

of the melting point was obtained by Mangsen et al (1960).
Compacts of boromn carbide, BQC9 having little porosity

(the X-ray density is 2.52 g/cc), represent the hardest material.

available in a massive compacted form.

6,3, The oxidation of boron carbide in air.

The high-purity, near stoichiometric boron carbide of
submicron size, produced as described in 6.1., was oxidised by
heating in air., Changes in phase composition, surface area,
crystallite and aggregate size have been correlated with the
time and temperature of the oxidation, The boric oxide, 3203,
formed, acted as a matrix for the remaining boron carbide and
the newly-formed carbon and progressively retarded the rate of
oxidation, The activation energy of 24 kilocalories per mole
was somewhat lower than the value of 47 kilocalories per mole
obtained by Mercuri et al, on material of larger particle size,
due, it is be;l.ieved9 to the selective oxidation of the boron

under the influence of the vitreous B203 phase,

6oby The formation of an adherent coating of mixed titanium
borides to a titanium alloy was achieved by heating the metal
and its layer of very fine boron carbide to temperatures above
1000°C under a inert atmosphere, or in a vacuum. Only when
heated above 1400°C was the surface free of unreacted B4C and

carbon. The carbon which appears to stay free of the boride
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phase was assumed to have been oxidised to carbon manoxide by
traces of oxygen. or water vapour in the system. ‘here was no
evidence that the titanium boride, or the base metal, suffered
oxidaticn dufing the period of heating of two hours, *he beta
rhase titanium, rather than the expected alpha phase was pre-
sent even when the chosen base metal was pure alpha. This
could be explained by the peritectoidal decomposition of the
lower béride of titanium initially formed t¢ the orthorhombic
TiB and the body centred beta titanium, these metastable phases
were frozen in on cooling., The second phase of TiB, cubic,
which was present was assumed to be stabilised by carbon in the
system and the final product identified was the stable hexagonal
diboride TiB2° The surface so produced was extremely hard com=-

pared with the ductile titanium alloy and represented a method

for producing a gall-resistant surface on these alloys.

é&é& The formation and stability of boron carbide and related
compounds can be considered phenomenalogically on the basis of
their crystallochemical structure. Scott et al (1967) in their
re-evaluation of the X-ray data for 81203 (BQC) as being in fact
(cBc)? (B11C)- indicate a possible mechanism for its formation
besides its likely stoichiometry; a priori, the reaction for the
formation of boron carbide involves the diffusion of boron atoms
into the graphite lattice causing breakage of the intercalated
carbon bonds., This results in a alternate structure as.in boron

nitride, Subsequently, aided by multicentred bonding, many more
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boron atoms are accommodated into the structure as icosahedra.
It should be noted that, statistically, the formula, (CBC)*
(B11C)_, represents the highest carbon content, 20 atomic %,

for a structure with no two carbon atoms contiguous where the
intraicosahedral carbon is not in an equitorial position to

bond to the linear grouping C-B=C, Also significant is the

fact that BN represents the highest boron compound of the B-N
system, suggesting that elements of a greater number of valence
electrons than carbon are able to saturate the electron defi-
ciency inherent in boron, This would cast doubt on the reported
structures B6°609 "3125',B6P0°9 (Martkovich 1963) unless sup-
ported by small percentages of carbon in their structures. 1In
borides, where the metals are themselves electron deficient,

the complexity of the boron structure is unaffected unless the
metal is present in amounts indicated by the lower borides, viz.
MZB’ MB, etc. Then the valence electrons of both the metal and
the nonmetal occupy the conduction band of the metal. These

lower borides have simple structures similar to those of the metals

in displaying maximum coordination,

6.6, The present work has indicated the pau:ity of informa-
tion available which relates the observed physical data for these
compounds with their crystallo-~chemical structure, due mainly to
the difficulties in the technology inveolved in their production
in a pure and defined state. Further work is indicated into

the mechanism of formation of these compounds and to the influence
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of contaminants on the final products. Parallel work to that
on borides and carbides, is being undertaken in this Department
in the field of nitrides (Glasson et al (1968, etc), Jayaweera

(1969), I.A1i (1970) and N.G. Coles (1970) ).
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14,206 10,627 - 83,974 =~ %3418 9,728
16,928 11,918 - 83,019 = 91,161 8.601
15,617 13,217 - 80,319 - 28,918 7.636
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December 31, 1960.

MONOTITAHIUM MONONITRIDE (TiN) (50l1d)

Mol. ¥t. = 61.9]

M2 oag.1s = -B0-5 + 1.5 kcal. mole”!

RIS PR

S30g.15 = 7-193 cal. deg.”
Ta = 3200%K.

MH, = 16 kcal. mole

1

Pata from Natlonal Puresu of Standards Report No. 6928, "prelimi-
nary Report on the Thermodynamic Properties of Selccted Lignt-
Element Compeunds™, July, 1360.




APPENDIX 11

IBM 1130 Computer Programme for the determina-
tion of Specific Surfaces by the B.E.T. Method
using least squares method to determine the

intercept and slope of the isothermn,
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FORMATION AND REACTIVITY OF BORIDES,
CARBIDES AND SILICIDES

I. REVIEW AND INTRODUCTION

By D. R. GLASSON and J. A. JONES

Borides, carbides and silicides are reviewed with special reference 10 newer production methods and fabrication
techniques. Crystal structures and iypes of bonding in binary and ternary compounds are classificd and discussed.
The scope and limitations of the Pauling-Rundle theory, molecular orbital treatment and the Ubbelohde-Sam-
sonov theory are examined critically and appropriate experimental evidence is summarised.

Information so far available on the sintering of borides, carbides and silicides is summarised in relation to their
chemical reactivity. The sintering is influenced by additives or impuritics such as oxides formed by partial hy-
drolysis and oxidation. Resistance to oxidation is increased by sintering and hot pressing the refractories, but
since the affinity of the metals is exclusively higher for oxygen. exchange reactions diminish the quality of the
materials. Boride and carbide coatings generally have poor resistance in air or oxygen, but some silicides are
more suitable. The Kinctics and products of oxidation of borides, carbides and silicides so far studied depend
mainly on the intrinsic reactivity of the material and the available surface a1 which oxidation can occur.,

Introduction

Increasing industrial requirements for refractory materials
have enhanced rescarch on borides, carbides and silicides.
Important propertics of these materials now include melting
point and thermal stability. hardness and brittleness, as well
as specific electrical and magnetic properties. Thus, modern
refractories are not necessarily of high m.p.. vet possess
suitable groups of other propertics such as great hardness,
low vapour tensions and cvaporation rates, low reactivity
towards normaily corrosive chemicals, eic. Such properties
are determined by the electronic structure of the compounds.
arising from the position of their components in the periodic
system of the clements.!

« The mctallic components of the refractory borides, car-
bides and silicides include clements of the odd (A) subgroups
>f Groups Ul 1o VII, Group VIII, lanthanides, actinides and
tluminium.?-* The chemical bond in the lauices of these
:ompounds (in addition to the s- and p-clectrons of the
netallic and non-metaliic components, respectively) s
-ormed also by the electrons of the incomplete d- and fFlevels
of the transition meials. Isolated atoms of metats of the odd
“~ubgroups of Group 11, the alkaline<arih metals, do not have
ny clectrons in the d- and f-shells, but in compounds with
on-metals, energy states corresponding to these shells may
ccur.’-* The ‘metal-like’ refractory compounds have hetero-
esmic chemical bonding, the proportion of each type of bond
:pending on the crysial structure. Hard-cast alloys; c.g.
:mented carbides.® are formed with binder metals such as

* winromium, cobalt and nickel.

A sceond class of borides and carbide refractories consists

 so-called non-metallic refractory compounds, i.c., com-

wnds of B and C with each other, or with other non-metals
“=h as N, S, P and Si. Their bond characier is also hetero-

smic, but with covalent bonding predominating. This

nfers semi-conductor properties as well as high clectrical

sistance at room temperature. They gencrally have layer.
chain or skeletal structural groups or patterns, and either melt
with decomposition or decompose below the m.p.

The three elements, Be, Mg and Al (typical clemenis of
Groups Il and 11} are intermediate in their ability 10 form
refractory metal-like and non-metallic borides and carbides.
Thus, their borides and carbides are moderately refractory
semi-conductors.

J. appl. Chem., 1969, Vol. 19, May
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The remaining borides and carbides are classified generilly
as ionic or ‘salt-like”. They are formed by the more strongly
clectropositive metals, and are colourless.  transparent.
crystalline solids, non-conductors of clectricity. which are
decomposed by water or dilute mineral acids.'?

Methods of boride, carbide and silicide production

Larger-scale production methods

Borides,2.¢=® carbides?-'% and silicides?-''-'2 can be pro-
duced by direct combination of their clements, Variations on
this method, governed thermodynamically by heats of for-
mation, include heating the metal hydrides or reducing the
metal oxides with boron, carbon or silicon. Alternatively,
carbides are obtainable by reducing the metal oxides with
carbon?®-'® and a readily oxidisable metal,'® ¢.g. Ca or Mg. or
with its carbide only,'® c.g. CaC,. For silicides, the metal
oxides are reduced with Si or by mixtures of SiQ, with C, Al
or Mg.? Similarly, borides are formed by co-reduction of
metal oxides and boric oxide at high temperatures, usually
with carbon, aluminium or a Group § or 1l metal,2.% ¢.gr.
V:05+ B;0;34-8C~-2VB + 8CO. This carbon reduction is not
usually satisfaclory because of considerable losses of B,O,
by volatilisation and contamination of the product with boron,
carbon and boron carbide. Reduction of the metal oxide is
improved by using carbon in the presence of boron carbide
or the boride of another metal, e.g, CaB,. The boron carbide
is a good source of boron and will react with most metals or
their oxides, e.g. production of rare-carth metai borides
such as MBg (thermionic emitters): M,0; 4 3B,C—-2MB,, +
3CO. The carbon (or the additional B,0;) ensures complete
removal of the oxygen or carbon as carbon monoxide, c.g.
1Ti+3B.C+B,0;~7TiB,+3CO: this contrasts with the
reaction 8Mg+3IB.C—6MgB,+Mg,C,, which gives a
mixed product in alkaline-carth metal boride manufacture.!?

Nevertheless, the direct syntheses from the clements give
the purer borides required for special applications or research;
both synthesis and fabrication proceed during hot pressing.?
The purity of the product largely depends on that of the
parent metal, since the impurities in boron are usually more
volatile. Contamination by the crucible material is mini-
mised by using boron nitride which has been heated in hy-
drogen to remove oxygen. However, exact stoicheiometry is
difficult 10 auain, particutarly with very volatile metals.®
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Reductions of B,Oj, oxides of carbon or SiO, with metals
are generally less satisfactory, as the products often comain
large quaniitics of the metal oxides. Relatvely pure silicides
of definite composition are produced by reacting the metals
with silicon in a copper menstruum.?.!*

Smaller-scale production methods

Small amounts of pure borides, carbides and silicides are
deposited (a) by hydrogen reduction of mixed vapourised B,
C or Si compounds and appropriate metal compounds at a
heated surface, or (b) by decomposing volatile B, C or Si
compounds at the heated surfaces of appropriate metals.'?
Boride coatings, ¢.g., Ti, Zr, Nb, and V diborides and B.C,
may be applied by plasma-jet methods, normally using argon
as the carrier gas.® A ZrB,-MoSi, plasma-applicd coating is
claimed to withstand 2000° in an oxidising atmosphere.®
Finely-divided non-pyrophoric carbides have been produced
recently!'® by subjecting a volatile halide (e.g., chlorides of B,
Si, Ti, Zr, HI, V, Nb, Ta, Mo, W, Th and U} and a gascous
hyvdrocarbon (e.g. CHy, CiHy, CiH,p. C:H., C,H: or
CyHy) to the action of a hydrogen plasma jet (at 2000—
5000° for 10-*—10-2 sec.). The powdered carbide is sintered
m a rotauing drum at 900—1000°. Mixed carbides are
obtainable from mixtures of metal halides, preferably chlo-
rides. Some carbides, ¢.g. CryC,, are deposited on metal
surfaces which have been oxidised with CO or CO, at higher
temperatures.'?

Other methods include fused-salt clectrolysis of the metal
oxides, e.g. TiO., ZrO,, V.05, Nb;Os, Ta 05 Cr;0;,
Mo0O;, WO; and U,Oy, with boric oxide or borax, usually in
an electrolyte flux of an alkali or alkaline-earth halide or
fluoroborate.?-8.°.'8  Elemental boron impurities in the
products are separated partly by flotation. Under appro-
priate conditions, lused salt electrolysis of carbonates can
produce frec carbon 1o form carbides with metals preseni,'®
e.g. Mo and W. Well developed crystals of silicides, e.g. of
Ti, Zr and Co, are formed by clectrolysing fused alkali
fluorosilicates and the respective metal oxides or fluorides.'?.2°

Small amounts of cartudes, mainly of alkali or alkaline-
carth metals, are produced by passing acetylene into solutions
of the meials in liquid ammonia.'® Initial products such as
C(lCz, Czl'{z, 4N]‘|3, Na;C;, Czl'lz; KC;, Csz', or LiC;,
C;H;, 2NH,, all decompose to simple carbides in vacuo at
temperatures up to 300°. The carbides of the heavier metals.
notably of even Group | B, arc obtained usually by passing
acetylene into meial salt solutions. '?

Thermodynamics of boride. carbide and silicide formation

The stability of borides, carbides and silicides and 1heir
production at various temperatures are related 1o their
standard free cnergies of formation, AG®#;!-?' more negative
values of AG®, indicate stabler compounds. These are com-
pared for some of the more important compounds on an
Ellingham diagram?? (Fig. 1). showing the temperature varia-
tion of AG®; per g-atom of boron (a), carbon (b) and silicon
(c). Of the metal diborides, Fig. 1{a), those of the fourth and
fifth odd (A) subgroups, €.g. TiB:, have the greatest stability.
This progressively decreases for diborides in the lower
groups, e.g. MgB,, and for transition metal diborides in
Groups V1 1o VIII, e.g. CrB,. Disilicides show a similar
trend, Fig. 1(c). Further information??® shows that the di-
borides are the most stable borides of the Group IV transition
meials, but for metals of the sixth group, the monoborides
appear more stable than the diborides. Fer Group V, the

different boride phases exhibit about equal thermal stability
regardless of composition. On the basis of m.p.. the strength
of the M-B bond is increasing with the atomic weight of the
metals with each Group (IV, V and VI} and decrecasing with
the atomic weight within each period.

The generally lower stability of boron carbide, Fig. 1(a),
makes it an excellent source of boron, and it reacts with most
mctals or their oxides, alone or in the presence of B,0;.
However. although energetically feasible, these reactions may
be kinetically unfavourable. The solid state reactions are
facilitated by finc grain sizes and pressing of well homo-
genised materials as in reactive sintering. Thus, Glaser?®
obtained borides of Ti. Zr, Nb and Ta by hot-pressing
mixtures of boron with the respective metal hydrides or
carbides, and borides of V, Cr, Mo and W by hot-pressing
boron with metal or carbide powders. Later, boron carbide
was hot-pressed with metals or their hydrides or carbides.
Likewise, silicon combines with metals only at relatively high
temperatures, and silicide formation is accelerated by using
mixtures of components in finest dispersion.?’ Silicon is able
as well 1o reduce metal oxides under analogous conditions
10 carbon. At high temperatures (above 1700°), SiO rather
than SiO; is formed under reducing conditions. Use of
temperatures above the m.p. of S10; is recommended, 1o
facilitate ultimate separation of silica.

The carbides of the fourth and fifth odd (A) subgroups also
have the greatest stability, c.g., SiC and TiC in Fig. 1(b).
This progressively decreascs for carbides in the lower groups,
c.g. CaC;. and Al C;, and for transition-metal carbides in
Groups VI 1o VI, e.g. WC.

The relative affinities of metals for beron, carbon and
silicon are compared in Fig. 2, The borides are of greater
stability and more readily formed than the corresponding
carbides and silicides. This is ascribed to the rclatively open
structure of elemental boron compared with that of carbon
or silicon. Elemenal groupings (B,:-icosahedra) are re-
iained 1in boron, whercas the carbon (graphite) and silicon
{(diamond) lattices are disrupted completely, thus allowing
rcady ingress of the meial component in the formation of
binary borides, e.g. AlB,s (but not AIB,,);?® ScB,, and
Y B2 have B,,-cubo-octahedra.?2’.?* On the other hand, the
solubilitics of boron and silicon in solid transition metals arc
usually smalil,2?-3! except where the metals have substi-
tutionally dissolved boron (Mo and W-B alloys) or silicon
(Mn, Fe, Co and Ni-Si alloys) with unit cell shrinkage.
Slight increases in cell dimensions of other transition metals
indicate that boron and silicon are dissolved interstitially, un-
less the incrcases have been caused by uptake of nitrogen or
oxygen. The latter elements are more electronegative but are
usually small ¢nough to be dissolved interstitially. The free
cnergy of the intermediate phases greatly influences the
homogeneity range of the primary sohd solution. Thus, the
very great stability of ZrB; and HfB, vitiates an extended
interstitial solid solution of boron in Zr and Hf although
the size relationships are not too unfavourable. Electronic
factors also govern the exient 1o which the different non-
meials are accommodated interstitially in solid metals, and
these are discussed in the next sections.

Relationship between bonding and crystal structure of
borides, carbides and silicides

Higp3?.3% suggested that the binary refractory berides and
carbides of the transition clements had simple “normal
structures when the radius ratio, r,:ry, of the non-metal and
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Variation of free energies of formation (per g atom of B. C or Si) of borides. Fig. 2.
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metal atoms was less than 0-59 (corresponding to a metal to
non-metal radius ratio of over 1:70). Higher non-metal
concentrations increase the unit cell dimensions of the in-
terstitial phases, effectively making the radius ratio less
favourable for normal structures. Nevertheless, many of
these compounds are still metallic in character, but their
structures become more complex with decreasing size of the
metal atom. Later research? indicates that this limiting radius
ratio rule is valid only for carbides.

Kicssling®* ascribes the deviation of borides to the en-
dency of B atoms to form chains, sheets or three-dimensional
networks. Hiigg's rule seems resiricted to phases not con-
taining directly intcrconnected non-metal structure clements.
Accordingly, 8 different types of boride crystal structures have
been described by Schwarzkopf & Kieffer? for boride phases
ranging in composition from M;B to MB,,. Further varia-
tions are included in later reviews**-*? covering phascs from
M,B to MB,,;, and possibly MB;,. In transition-metal
silicides, the comparatively large radius of the Si atom
(1-17 A) ensures that Hiigg's critical ratio is exceeded.

General theories

Many of the refractories first investigated?®2-3® were mono-
carbides and mononitrides (MX-type) having radius ratios
within the range 0-41—0-59. Thesc had rock-salt structures
irrespective of whether the original metal had a cubic close-
packed siructure or not. Rundle?® considered thai there was
octahedral metal to non-metal bonding, and developed
Pauling’s basic concept®*?-*' of the rcsonance of the 4-
covalent C or N bonds amongst the 6 positions. Physical
properties such as hardness, high m.p. and electrical con-
ductivity were interpreicd partly on the basis of resonating
bond struciures and on ionic structures, involving essentially
homopolar and heteropolar forces.

A different theory. first advanced by Ubbelohde*?-** and
Umanskiy.**** has been developed by Samsonov & Nesh-
por,3.12.46-38 gpd reviewed recently for nitrides.*® Bonding
is provided by transfer of non-metal valence electrons into
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the clectron cloud of the compound. at least partially filling
the eleciron defect of the metal atoms. The additional forces
of the donor-acceptor interaction greatly strengthen the
interatomic bond. Thercfore, heats of formation of borides,
carbides and silicides (and nitrides) increase uniformly with
greater “acceptor ability”, 1/Na, of the atoms of the metallic
components, where N is the principal quantum number of the
partially filled o- (or /~) shell and & is the number of clectrons
in this shell.*¢ Likewise, the lattice energy and the hardness
of the metallic compounds increase. Their clectrical re-
sistance decreases with a rise in 1/ANn,'? whereas the work
function of the electrons increases in this direction in the case
of thermionic emission.*® The clectron density also depends
on the ionisation potentials of the non-metal atoms, their
clectron-donor ability increasing in the direction of O. N, C,
B, Si. The latier concept is repudiated by Rundle,?® bul
Schwarzkopf & Kieffer? consider that suflicienily strong metal
to non-metal bonds can be formed if the lighter atoms in the
refractory compounds assume the metallic state. The
Ubbelohde-Samsonov theory provides a wider and more
quantitative interpretation of physical properties and chemical
reactivity. 1ts scope in rauionalising existing knowledge for
borides. carbides and silicides is illustrated now; types of cx-
perimentaldata whichmayextend itsapplicabilityare indicated.

Borides

The relative clectronegativities of boron and transition
metals suggest that electron transfer in borides should occur
always from metal to boron. This accords with Pauling’s
calculations (using his relation between bond length and
order*!) that in borides of the type, MB, one-third to one-
quarter of an electron would be transferred to the boron.
However. the aciual clectronic structures depend con-
siderably on the types of boron and metal lattices present.
Nevertheless, more recent molecular orbital treatment of
intermediate and higher borides (MB; to MB,;) also in-
dicates electron transfer to the boron lattice. The Ubbelohde—
Samsonov theory confirms the latier findings, but contradicis
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Pauling’s conclusions by indicating clectron transfer from
boron to metal for the lower (metal-rich) borides. It extends
the molccular orbital treatment by cxplaining the inability
of the even (B) subgroup metals to form higher borides.
Appropriate experimenial evidence is summarised in relation
to boride crystal structures.

Binary metallic phases
Lower borides (Isolated atoms, pairs or chains)

Boron has a small ionisation potwential. Hence, in com-
pounds where the B aloms are isolated from one another
(M B 10 M;B),? the boron valence electrons are mainly in the
free d-levels of the transition-metal atom if the latier has a
sufficicntly high acceptor ability.3%.32  This gives (ypical
metallic phases, similar 10 intermetallic compounds.

Electron transfer from boron to metal 1s confirmed by
magnetic measurements on CrB, MnB, CoB, NiB.%3.%%
Fe;B%% and Co,B,*® and Maossbauer measurecments for the
isomer shift and hyperfine magnetic field for the two iron
borides.*? The latter decreases from Fe to Fe,B 10 FeB,
more greatly than expecied through distortion or expansion
of the meial lattice alone. Other metal-rich borides have not
been studied, but Mossbauer measurements on Fe-Si and
Fe-Al systems crystallographically similar (0o Fe-B again
accord with electron transfer from the non-metal to the 1ron
aloms.39.%9

In the formation of pairs (M3B;), and single chains (MB).
double chains (M;B;), and extended 2- or 3-dimensional
networks of B atoms, as in MB,;. M;B,. MB,, MB; ctc.,’ a
considerable proportion of the p-clectrons of the boron
forms covalent B-B bonds, with a smailer proportion going
into the ¢lectron cloud resulting in a metallic bond. The
degree of melallic bonding decreases as the BfM ratio in-
creasces.

The cssentiatly metallic character of the interatomic bond
is comparable with the Hume-Rothery electron phases, the
nature of the crystal structure depending on the electron
concentration. Increasing concentration produces a sequence
of crystat lattices, viz. body-centred cubic, base-centred
hexagonal, face-centred cubic, simple hexagonal, for similar
atomic radii ratios r:rg, where X = B, Si, C, N. The face-
centred cubic lattice, most characteristic of Groups 1V and V
metal carbides and nitrides, corresponds to an electron
concentration of 5-5 to 6 electrons per atom.

Intermediate borides (Two-dimensional boron networks)

This group includes some of the best clectrically conducting
borides of highest meiting point, and hardest of all the borides.
Metal diborides, MB,. represent the iransition between the
metal-rich and the boron-rich types of boride. Interpreiations
of Hall coefficient and resistivity measurements have been
bascd on transfer of boron clectrons to the metal-band
system,®® making any boron-boron bonding very weak. This
is refuted by thermal cxpansion and variations in lattice
constants suggesting considerable rigidity in the boron
latiice.?® The axial ralio, ¢/a (the "a’-axis is in the planc of the
boron lattice), increases as the size of the metal atom in-
creases.,

Molecular orbital treatment of diborides is based on
MgB, as the closed-shell prototype of the transition-metal
diborides.®! This is more satisfactory in that the transfer of
the two clectrons from the metal to the boron atoms (in the
formulation M2*(B-),) makes the boron layers isoelectronic
with graphite.®? Nuclear magnetic resonance measurements

are consistent with m-bonding in the boron layer, possibly
achieved by electron transfer from metal 1o boron.**.¢* The
excess valence electrons of the transition metals account for
the metallic propertics, and the conductivity of YB, accords
with one free electron per metal atom.** There are in-
sufficient experimental data to extend this interpretation to
consider possible effects of unfilled inner orbitals in the metal
atoms and to account for the inability of most Group B
metals 10 form borides.

The hexagonal close-packed metal lattice in diborides
permits considerable metal-metal bonding which might
stabilise transition-metal diborides. However, formation of
crystal structures characteristic for metallic compounds does
not necessarily arise from the transitional nature of their
atomic components. Thus, aluminium diboride, AlB,, is not
a metallic conductor, in contrast with the isomorphic di-
borides of the Group [11-1V transition mectals.® This boride,
although isomorphic, does not form solid solwions with
transition-metal diborides.®¢

Higher borides (Three-dimensional boron networks
I

Tetragonal tetraborides, MBy, are formed by Ca,*® Y,*F
Th.%® U,*®*-70 Py 7t rarc-earth clements,®8-72-7¢ Mo and
W.77 Their crystal structure is a hybrid of MB, and MB.**
Metal hexaborides. MBg. (cubic latticc-type CaBg. O%)) are
formed by - and fu-transition metals (Y, La, Ce. Pretc.) and
non-transition metals (Ca. Sr, Ba).?-3¢ Quantitative trcatment
of the bonding in meial hexaborides has been based initially on
molecular orbital calculations (for isolated B,-octahedra)
using the 2s and 2p boron orbitals.”®7? This suggests that
2 clectrons must be provided by the metal atoms 1o give a
configuration M2Z+(Bg)*-. More detailed calculations in-
volving the 3s, 3p and 3¢ orbitals®*® are more in accord with
the semiconducting properties of CaBg, SrBg and BaBg with
small energy gaps of 0-1-0-4 eV.®® Thc magnelic propertics
of the rarec<carth hexaborides suggest tervalent metal atoms.®!
Their conductivity data indicate generally one conduction
electron per metal atom, with probable transfer of the other
two electrons to the boron lattice.®>#2 The borides with the
larger cell constants, ¢.g. EuBs and YbBs, have almost zero
conduction electrons per metal atom, but the propertics of the
pure metals suggest a possible decrease in the effective valency
from 3 to 2. The other cxception, SmB,, has anomatous
electrical and magnetic properties.” Hall-constant measure-
ments for lanthanum hexaboride are interpreted on the
availability of one ‘cxcess’ valence electron per La as a
negative current carrier in stoicheiometric LaBg.82 This im-
plies a theorctical lower limit of homogeneity of Lae.¢7Bs
with cach La contributing all 3 valence clectrons to the boron
net. Then the phasc should be an clectrical insulator, but
mechanical instability caused by the lurge number of metal
vacancies restricts the observed lower limit 10 Lag.;Bs.%°

Molecular orbital treatment of the bonding in the dodeca-
borides, MB,;. is in accord with a ‘closed-shell’ con-
figuration requiring 38 clectrons, giving a probable M?+(B,:)*~
arrangement.®* Therefore, divalent metals should give
dodecaborides which are insulators or at least poor con-
ductors. In ZrB,;, the 4 metal valence electrons confer
metallic propérties similar to those in rare-earth dode-
caborides.?®

Samsonov & Neshpor have suggested that cubic hexa-
borides are formed only by metals having first and second
jonisation potentials less than about 6-7 and 12¢V.** This
excludes the transition metals (6-5-9 and 12-20¢V) and
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Bz (9:3 and 18-2 ¢V) and accounts for the failure of B sub-
group metals such as Ga, In, Tl, Ge, Sn, and Pb to form
borides. through inability to transfer electrons to the boron
lattice.®¢ Substitution of sodium in CaBg and ThBg up to
concentrations of Cag.s;Nag.s3Bg and The.23Nag.7:B,%7
could require the equivalent of 1-57 and 1-69 clectrons (o be
transferred to the boron. The relative importance of elec-
tronic or structural factors may be ascertained if further
alkali-metal hexaborides similar to NaBg?® and KB,2? can be
isolated. However, the ionisation-potential criterion®?® does
not hold for diborides. Since these are formed by mctals of
all types, e.g., AgB, and AuB,.?® complete transfer of 2
electrons may not be necessary, nevertheless, some metal to
boron clectron transfer is still highty probable in contrast to
the reverse transfer in monoborides and metal-rich borides.
Swudics of the spectrum of clecirons are limited and include
investigations of the X-ray spectra of La, Ti, V, Nb, Mo and
Cr borides.>?'-%* and ¢lectron paramagnetic resonance
studies of rare-carth hexaborides.”?

Binary non-metallic phases

These phases include non-metallic refractory compounds
of boron with C. N, Si, P and S, or analogues with As and
possibly oxygen. They are characlerised by covalent bonds in
the crvstal lattices, and either melt with decomposition or
decompose below the m.p.!* They have semiconducting
properties and high clectrical resistance at room temperaturce,
and become p- or n-type conductors when normal sites of
their crystal lattices are replaced by atoms of forcign metals.
Their c¢rystal structures generally consist of linear, lamellar
or three-dimensionally extended structural groups.

Lower harides (Isolared boron atoms)

The most important of the MB-type compounds is boron
nitride. Its hexagonal form (*while’ graphite or lampblack)
has unit cell dimensions very similar to those of the iso-
electronic graphite.?® In both crystal struciures. the planar
hexagonal neis of atoms are separated by half the length of
the ¢ spacing. The B atoms are situated dircctly above the N
atoms in the adjacent lavers, in contrast to the C atoms in
graphite being directly above the centres of the hexagonal
rings in successive layers.?® B and N atoms alternate in the
rings giving the structure with B-N bond lengths of 1:45 A.
The basic skeleton bonds are formed by sp? hybrid orbitals
of the B and N atoms; the remaining electrons exist in de-
localised m-orbitals extending above and below the whole
plane. but there is an energy gap of suflicient magnitude to
make BN non-conductive, cf. graphite.

Higher borides (Three-dimensional boron networks)

The most important compound of this group is boron
carbide, B,;Cs. The remainder, viz. B,,Si,, B,2P;, B,2As;,
B,,S and B,:0,. have crystal structure analogous 1o boron
carbide and a-boron.?” The boron carbide unit cell is rhom-
bohedral with one B,;C; structural unii.®®-°® The B atoms
at the vertices of compact. nearly regular, icosahedra are
linked by B-B bonds to form a three-dimensional network.
In cach unit cell. 3 C atoms are arranged linearly (parallel to
the 3-fold axis of the rhambohedral cell) in large holes formed
by the approximately clesc-packed large boron icosahedra.
The crystal structure of a-boron is approximately that of
boron carbide with the C atom omitied from the large
interstitial holes.'?? Since boron carbide 15 stable over a wide
range of composition.'®' this suggests a possible extended
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range of carbon content, from pure B to B,C. ¢f. B to By;Be
to BsBe.!?? In the higher boron phase, B,3C.. onc B atom
apparently replaces a C atom in the linear triad. More
recently, Hoard & Hughes'?? indicate that the B,.C; has a
structure of this type B,,(C~B-C) wherc a C atom has re-
placed a B atom in the icosahedron. In contrast, excess C in
B .Cy is manifested as intercrystallite graphite.

Ternary phases

These are formed sometimes in sysiems of borides with
other borides, carbides, nitrides and silicides.? [somorphous
borides, c.g., simple hexagonal diborides, should form con-
tinuous series of solid solutions where the radius ratios of the
metal atoms are favourable. By analogy with conditions in
carbide systems, c.g., TIC-WC, solid solutions arc formed
possibly between separately non-isomorphous borides. Thus,
the high-temperature modification of MoB (P) is stabilised by
solid solution with CrB:'°* at least 50 wi.-%, MoB is soluble
in CrB. Likewise. small amounts- of titanium boride arc
effective. and both MoB and WB dissolve in ZrB, with an
excess of boron.'25-196 The compounds Mo,CoB,, Me:NiB,,
Mo,FeB,. Mo,CoB; and Mo,NiB; have properties suitable
for cutiing-tool materials'®7.1%®% where the low Bf/M ratios
are consistent with high degrees of metallic bonding. In
some ternary and multiple M2"M”B, borides (ry > ry”) the
smaller M”™ atoms probably occupy the cubic holes between
the A-layers in the U,Si;-tvpe structures.

More recent rescarch also suggests that the cubic-F type
structure of the so-called monoborides, TiB, ZrB, HfB and
PuB may be stabilised by O, N or C impuritics which could
form ternary or quaternary phases.3!-74.19°-U1 TiBN has
been described and its infra-red radiation has been studied.'!2
A number of rarc-carth M B, phascs. with x varving from 3 to
4 and with simple tetragonal structures. have been preparcd
only in the presence of carbon.”® Hence, they are probably
borocarbides of unspecified and possibly variable B and C
content. Several borosilicides crystallise with the CrsB;
structure.®’ and in the ternary phases which are isomor-
phous with W;Si,. the B atoms replace the Si atoms only in
the antiprismatic holes giving M,Si,B. ¢.g., Fcy.6Si:B and
Co0..;5i,B. There is increasing deviation from stoicheio-
metry in the series CrsSiy, Feg.5SiB. Coy.:SiB (WSis-
structure) and the Nowotny phases''® ZrsSi; (C). Tas.«Siy
(C), Mo04.6Si;sC (MnsSiz-structure). which requires explana-
tion in terms of fundamental electronic interactions. Ternary
non-metallic boron carbonitrides probably cxist in some
crucible materials''* and electrical insulators protecting
metal thermocouples. 't

Carbides

The more conventional classification of carbides,''¢-''7 as
(A) salt-like or ionic. (B} covalent, (C) interstitial and (D)
FesC-type. has been defined more precisely by Samsonov?*
in terms of the clectronic and crvstal structures of the carbide
phases. The carbide-forming clements are those with (1)
valence s-electrons with complete or incomplete decper
shells. (2) valence sp-clectrons and (3) valence sd- or sfd-
clectrons, i.c. with completed - and f-shells. Classes (1) and
(3) have been subdivided, giving 5 groups altogether.

Binary carbides
Salt-like or ionic carbides

These arc formed by non-transition meltals having valence
sclectrons (with compleciely occupied or buili-up internal
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¢lectron shells) with first ionisation potentials from 3 to
7eV, 1.e. carbides of alkali or alkaling-carth metals. The
formation of strong covilent hnks between the carbon atoms
is ascribed 10 the stabilisation of the sp-electron configuration
by the s-electrons of the alkali metals. Carbide phases with
relatively large carbon contents are formed, especially for
meltals with the lowest first ionisation potentials. Thus,
lithium (5:57 e¢V) forms only one stable carbide, Li,C,. but
sodium (5-09 eV) and potassium (4-32¢V) form poly-
carbides.''® 11% NaC,, NaC, . NaC,e, KC,. KC,, (or KCy
and KC;4). The potassium dicarbide, K,C;. is formed only
with difliculty and Rb (4-19 eV) and Cs (3-86 eV) do not form
dicarbides but give polycarbides, MC; and MC,,.

The higher ionisation poientials of the alkaline-carth
metals restrict the tendency to fornt complex anions. and only
carbide phases of type MC; arc given. Carbides of Be and
Mg are intermediate in chariucter beiween this group of
carbide phases and the covalent carbides.

Covalenmi-meiallic carbides

These are formed by metals having outer s-electrons with
first ionisation potentials of 7 to 11 eV, such as Cu and Zn in
Groups I B and 11 B. Under the usual conditions, these
carbides arc not formed because of the isolation of the
stable clectronic configuration of metals and carbon:®' the
metal atom configurations d'%s' and «'%s? de-stabilise by
s-electrons the lauices of configuration ' and sp?.

Covalent carbides

Thesc are formed by clements having outer sp-electrons in
the siate of the isolated atoms. Group Il clements, B. Al
Ga, In and Tl have a characteristic s2p configuration which is
convertible to sp?. The latter can be stabilised up to sp? or in
disturbance to the sp? configuration of the C atoms. Boron
produces the most stable sp configuration, giving very siable
carbide phases, particularly B,,C,. Electron transfer from
carbon to stabilise the boron configuration leads to the
formation of linear chains of C atoms similar to the allenic
groups. The separation of two very stable configurations in
boron carbidc explains the large cnergy breakdown. '2°
semiconductivity, decompositicn on melting,' 2t high chemical
stability. great hardness. e1c.'?? The overlap between the
electronic configurations is greater in Al,C, causing lower
stability and greater chemical reactivity: Al,C, is decomposed
by water to form CH, similar to Be,C. Gallium carbide.
Ga,C,, is extremely unstable (heat of formation only 6 kcal
mole.~"), while In and Tl carbides arc apparently unknown.'??

Group IV clements, C, Si. Ge. Sn and Pb. have an s*p?
configuration tending to acquire the sp? stable configuration
for the tetrahedral structure of diamond (carbon carbide).
Again, increased overlap reduces the hardness of the SiC
compared with diamond and decreases the width of the for-
biden zonc.'?* There are numerous modifications of SiC
based on combinations of the bond functions of sp?. sp? for
Si and the spP-carbon.'?* The statistical weight of the con-
figuration is much higher for SiC than B,C. Thus. SiC
gencrally has higher chemical stability in various media, but it
decomposes even before meliing through its inability to form
completely independent clectron configurations. Ge, Sn and
Pb do not form carbides, as the configurations of sp7* and of a
lower order become even less energetically stable.!23

Group V clements, N, I’. As. Sb and Bi, have an s2p® con-
figuration convertible to sp* and sp*+e, with the clectron
capable of transferring 10 acceptor partners or cnsuring the
formation of clectron pairs. This indirectly cxplains the

formation of gaseous cyanogen and solid covalent carbides
such as P,Cgs of low thermal stability but acid and alkali
resistant.'2¢

Meral-tike (or metallic) carbides of the sd-transition metals

Metals with up to 5 electrons in the d-shell form less stable
d? and more stable ® configurations.’?7-12% Metals with
over 5 d-clectrons form «% and o'° configurations. The
statistical weights of the larger configurations increase with
more d-electrons. Hence, the cenergetic stabilities and m.p.
of TiC, ZrC and HfC increase with the greater statistical
weight of the most stable «* configurations; accordingly,
NbC and TaC have the highest m.p. On the other hand. the
hardness depends primarily on the antibonding action of the
coltective s-clectrons, so that TiC (m.p. 3150° and hardness
3000 kg mm~?) is harder than NbC (3480°, 1950 kg mm~?)
and TaC (3880°, 1600 kg mm=-2).'22 The staic of the col-
tective electrons also specifies the type of conductivity,' *° the
moderate thermo-¢leciromotive forces' 3! and the characteristic
crystal structures.'??

The simpler and the Fe;C-1ype complex interstitial phases
(conventional (C) and (D) classes) are formed by iransition
metils having fewer or more than 5 d-clectrons. respectively.,
In the laticr case, the high statistical weight of the d® con-
figurations for Fe (¢%s?). Co (757} and Ni (d%s?) allows part
of the s-electrons to convert 1o the collective state. This
ensures completeness of the electronic configuration of the
carbon atoms which are isolated in the centres of triangular
prisms of metal atoms in the cementite latices. It also agrees
with the endothermicity of the formation of such carbides.!
The isolation of complex covalently bonded groups of metal
atoms is indicated by A-ray spectrum investigations showing
larger numbers of trapped electrons with increasing statistical
weight of the d? stales.t33.134

Where the d? and «° stable configurations can vary widely,
as in TiC or ZrC, there is only one carbide and it has a wide
range of homogeneity.'?* Larger numbers of carbide phascs
with narrower homogeneity ranges are given, as °* becomes
the more probable configuration.'*? Thus. V and Nb form 2
phases, MC and M,C, Cr forms 3 phases with high metal
content, M,;Cs. M,C,y and M C,, while Mn gives 5 phases,
M,C. M,,C. M, C. MC. and M.C;. Similar patterns arc
ohserved in other periods and series. The homogeneily
ranges progressively narrow from about 20-30 ar.-%,C for
Ti, Zr and Hf (d%5%), to 8-159% for Nb and Ta (d*s'), to
2-4% for Mo and W (d3s', d*s*), 10 1-2% for Fe (d%s?)-type
metals. Further comparison of the hardness''?%.'*3% and
electrical conductivity! 13 of the d-transition metal carbides
shows an uninterrupted trend from simpler interstitial phases
to carbides of the cementite tvpe that previously were classi-
fied separately.

Salt-like covalent mmetallic carbides of the sdf-transition metaly

This group of transition metals, which includes lanthanides
and actinides, forms several 1ypes of carbide phases: M,C,
MC, M,C; and MC;."?3-13% The phases M,C and MC arc
tvpical interstitial phases with isolated C atoms, but the
M.C; and the MC; phases (Pu,Cs and CaC; structural
tvpes) contain paired C atom arrangements.

The M,C carbides resemble Be,C by hydrolysing only to
CH,; and H,.'*? The carbides MC and M,C; hydrolyse 1o
hydrocarbons. mainly aceiylene. and hydrogen. More
acetylenc and less hydrogen are evolved from the dicarbides,
MC,. suggesting that the bonds in MC and M;C, are co-
valent-metallic with a larger proportion of the covalent bonds

J. appl. Chem., 1969, Vol. 19, May



Glasson & Jones: Formation and Reactivity of Borides, Carbides and Silicides. [ 131

in the MC, carbides. The quantity of hydrogen evolved
seems to be related to the number of clectrons present in the
d-states. The probability of f—d transitions increases with
decreasing number of possible terms.!*® The very probable
4f--5d transition in La and Ce compared with the other
rare-earth metals gives dicarbides forming more hydrogen.

As the carbon content increases in the series M,C, MC,
M,C,. MC,;, the relative proportion of ionic to covalent
bonds increases, and the metallic bonds accomphished by col-
lective electrons are decreased, Hence. the more salt-like car-
bides of high carbon content have some semiconductor
propertics while the lower carbides have high electirical con-
ductivity, distinguishing this group from the salt-like and the
metallic carbides. Carbides of yitrium and scandium are
intermedhate between metalhic and sali-like covalent metallic
carbides.

Ternary phases

Formation of continuous series of solid solutions by iso-
morphous carbides and carbide-nitride systems depends
mainly on diffcrences in atomic dimensions being less than
159.2-14% However, in NbC-ZrN no solid solutions form,
although the size factor is favourable, and there is hmited
solubility in VC-ZrN where the radius difference exceeds
15%. This suggests that the state of the collective s-electrons
may be of additional importance, and their antibonding
action would specify the properties of cemented carbides.®
i.c. readily sintered matcrials where metals have alloyed with
binary and ternary carbides. The alloying metal may form
a separate carbide, ¢.g.. cementite, Fe,;C, in sintered compo-
sitions of TiC with iron or steel.’®? In carbide-boride
systems, the borides generally are more stabic than the
corresponding carbides; some monoborides, e.g. Ti, Ta, be-
come unstable and form the respective diborides and mono-
carbides.'®*

Silicides
Binary silicides

The Cu-Si system exemplifies wide variations often found
in composition and crystal structures of silicides. Phases
CuSi (B-Mn structure), Cuy;Sig (y—) and Cu,Si (£-)
conform with the Humec-Rothery rules'?? and the gencral
theory of metals,'** and are analogous 10 Cu,sSn (B-brass),
Cuy,Sng (v —) and Cu,;Sn {e—). Magnesium silicide, Mg,Si.
is analogous to Mg,Ge, Mg,Sn, Mg,Pb and Be,C which all
crystallise in the fluorspar structure.''® This enabies the first
Brillouin zonc to just accommodate the 8/3 electrons per
atom in all these compounds, which are in fact either in-
sulators or semiconductors. The molten compounds are good
conductors. since the ordered crystal structure is now absent.
Higher silicides (up to MSi; and also BaSi;) are given by the
other alkaline-earth and the rare-earth metals for which im-
proved mcthods of preparation have been reported re-
cently.!#3-147 The silicides of Groups IV A. V A and VI A
also have widely varied crvstal structurcs.? There are 6
different structures for the disilicides, whereas all of the
diborides arc isomorphous and most of the monocarbides and
nitrides are isomorphous with cach other. The compara-
tively large diameter of the Si atom precludes formation of
interstitial structures, yct some of the siticides are metallic in
character and arc therefore classifiable as hard metals.

In different silicides of d- and fd-transition meials. variations
in Si content and atomic radii ratios produce different
classes of structure.**¥ In the lower M,Si phases, the Si
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atoms arc isolated. The higher silicides, like the borides,
contain chains, two-dimensional layers or three-dimensional
frameworks of Si-Si bonds. However, all of the borides have
metallic conductivity, whereas several transition metal sili-
cides are either semiconductors {CrSi,, FeSi,, ReSiy) or have
a conductivity between that of metais and semiconductors
(MoSi;, WSi;)."*? A theoretical analysis of the clectron
structure of MoSi, indicated that the d-state of the metal (and
its corresponding energy bands) in MoSi, has vacant sites,
just as in metailic Mo.'*® Tungsten disilicide of similar
structure, also exhibits p-type conductivily, whercas in ihe
remaining metallic disilicides of Groups 1V=VI transition
metals the current carriers are clectrons.'*® Nevertheless,
vacant d-stales are probably still preseni in metallic disilicides
with n-type conductivity and in lower silicides. according 10
the correlation between resistivity, ‘acceptor ability” of the
metals*® and current carrier mobility.

The X-ray absorption specira of silicides of Ti'®! and
V132 confirm that the higher silicides have {ewer free electrons
and greater conductivity, but the semiconducting CrSi; has
lower conductivity.®* Crystallochemical calculations using
Pauling’s method!'?? give approximately similar Cr valencies
(5-5—5-7) for Cr,3Si, CrsSiy and CrSi;. This indicates an
essentially homopolar Cr-Si bond in keeping with the semi-
conductivity propertics of CrSi;.3-"%4.1%%  There is also
spectrum cvidence of a hcteropolar component in the M-Si
bond in higher silicides'®?® and of directed covalent M-M
bonds in lower silicides {where the disilicide has metallic
conductivity).'** The high-temperature form of iron disili-
cide, a-leboite, has metallic conductivity but the low-tempera-
1ure B-leboite is semiconducting, having a Si lattice analogous
to pure Si and Ge.? At 0-400°, the n-type conductivity of
the {g-phase is changed to p-typc by 0-1%] Al impuritics.
Ordered solid solutions are characterised by a significantly
higher temperature coefficient of resistance than for alloys of
low Si content;'*® the coeflicicnt remains almost constant up
to the Curie point, but it is negative in the paramagnetic state.

‘Ternary phases

Thermodynamic data so far available'®7 suggest that the
decrease in heat of formation, i.e. stability, with increasing
metal group number from 1V A to VI1I becomes less marked
in the sequence: nitrides, carbides, borides and silicides. In
the ternary systems M’-M"-X, the metal with the lower
group number is almost nvariably concentrated in the
phase most rich in non-metals.®?” Similar trends in stability
are shown in the M=X'=-X" systems, e.g. the M-Si-B systems
are dominated by the diborides and disilicides of meials of
lower and higher group numbers respectively. Information on
M-Si-C. M-Si-N and M-B-N systems'3? demonstrates the
great stability of the Group IV A and V A metal carbides
and nitrides. The latier phases dominate the ternary sysiems
of these metals, but borides and silicides occur over much
larger fractions of the ternary systems of the later group
transition metals. The M-B-N and M-Si=-N systems arc
complicated by the comparatively great stability of B and Si
nitrides which may form 2-phase equilibria with the metal-
rich phases, including clementary mctals.

Kinetics of boride, carbide and silicide formation
Vapour-phase deposition of borides, carbides and silicides
has been cxtensively studied by Powell and Campbell and
their co-workers.'3-1*® The Kinetics are interpreted more
casily than those of the preparative methods involving com-
pletely solid state reactions, where the mechanisms are more
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complex.  As with nitride deposiis,*® two methods exist
for producing borides, carbides and silicides: (a) direct de-
positioen from an atmosphere containing either B, C or Si and
the metal components both as volatilised compounds. and
(b} boriding. carbiding or siliciding the surface laver of an
object by heating it in an atmosphere of a volatile B, C or Si
compound. For borides and carbides, process (a) deposits
ceatings at a faster rate than (b), where the rate of inter-
diffusion of B or C and the basc metal fimits the boride or
carbide formation rate. Process (a) generally vields the
purer deposits, since the B or C to metal ratios can be con-
trolied better. As most metals form more than one boride.
the practicable control of relative rates of diffusion and de-
position is usually insufficient to aveid appreciable simulia-
neous formation of several boride phases. causing wide varia-
tions in the propertics of the coatings. The carbides require
temperatures to be sufficiently high for the interdiffusion of
the deposited carbon or metal {from the decomposed hydro-
carbon or metal halide vapours) with the metal or carbon
substrates respeciively. On the other hand. silicon diffuses
so readily into most materials al comparatively fow iempera-
tures, which makes prceess (b) more convenient in the in-
stances so far examined.

Vapour deposition of borides

Borides directly deposit most readily when hydrogen re-
duces mixed vaporised chlorides of boron and the desired
metal component at a heated surface. i.e. process (a).'s.13?
However, Nb. Ta. Mo and W borides are not deposited
suitably by reduction of the mixed halides because the free
metals are deposited rapidly at temperatures below those re-
quired for boride formation. The impure boride deposits
either contain much free metal or are non-adherent powders,
and process (b) becomes preferable. Deposition often is dis-
continuous when halides without a common ion or atom are
used. e.g. VCly and BBr;. Limited studies on the thermal de-
composition of metal borohydrides. c.g., Th(BH,),.'¢°
suggest that such a method generally would preduce boride
deposits having excess uncombined boron. The deposition
reaciion is rendered incfficient by some decomposition of the
borohydrides at the vaporisation temperature and the in-
Nammability of some of them in dry air.

The boronising or boriding process (b} essentially requires
deposition of free boron at a lower temperature before its
diffusicn into the base maltcrial at a higker temperature;
otherwisc the temperature must be high enough for deposition
and diffusion at comparable rates. Kinctics of boron de-
position by low-iecmpcerature pyrolysis of boranes and organo-
boron compounds have been determined by Schlesinger et
al.'*' However. there have been no comprehensive studics of
rales of boron diffusion and {formation of boride layers on
various metals.

Vapour deposition of carbides

Extensive studies of carbon deposition from pyrolysis of
hydrocarbons show that thermedynamics, kinctic, transport
and nucleation characieristics of the svstems are closely in-
lerrelaied.'® In process (b), the carburisation rate depends on
the specimen iemperature, the hydrocarbon content in the
surrounding gases, the rate of gas flow and the geometry of
the specimen. The factors also affect the adhesion of the
carbide layer. [In general, the thinner carbide layers are the
most adherent. As found for nitrides®® and oxides,'®? the
formaiion of non-uniform. i.e. porous or cracked, scales

depends partly on the Pilling-Bedworth rule.'®? which seems
less significant for scales that grow by outward migration of
matter.'®* [t is more important for scales where the diffusion
is from the surface towards the metal/scale interface. Apart
from fractional volume differences between the metals and
their carbides, there is sometimes dissolution of free C in the
carbides, e.g. in Mo carbide.'® Formation of mixed car-
bides. carboborides or carbonitrides often improves the
hardness of the coatings, e.g. boronised 0-3% carbon steel
1s harder than boronised iron, particularly at higher boronising
temperatures.'®*  Gas mixtures and temperatures must be
controlled carefully 10 equalise the reaction velocities for the
depesition of cach component.!®® The range of mixed
carbide coatings might be increased by carburising alloy-
vapour depaesits, or by diffusing superposed carbide deposits
at high temperatures.

Vapour deposition of silicides

Free silicon is deposited usually by hvdrogen reduction of
silicon tetrachloride, but the reaction is sensitive to im-
puritics.'®7  Deposits on quartz or ceramic bases'®® below
1000° tend to be grainier, but they are smooth and hard
above 1100°. The deposition rate is independent of time and
proportional to the SiCl; concentration, within limits.
Silicide deposits rich in Si on the ouside are obtained by
successively coating Ta and momentarily lashing cach laver
to the m.p. of Si: the products have the most suitabie mecha-
nical and electrical properties for clectrical translating
materials.'®® Detailed investigation of silicide formation by
diffusion of Si coatings appears 10 be confined so far to Ti.
Zr, Nb. Ta. Cr. Mo. W, Fe. Ni and several alloy stecls:'s
coalings can be applied also to Cu, Ag. Be. Al. Hf. Th. V.
Mn, rarc-carth mctals, Co and Pt-group metals. Minimum
Si-deposition temperatures are about 900-1000° for H,-
reduction methods, unless the base materials are sufficiently
reactive for Si diffusion to cause deposition by displacement
at lower temperatures,'*” c.g., Fe, W at 800°, or Mo at
800-900°. At low deposition rates, the maximum deposition
lemperature is limited by the m.p. of any cutectic or peritectic
compositions formed between the base and the coating, Al
high deposition rates, it is limited by the m.p. of Si unless
this is higher than the m.p. of anv cutectics. The sificides
formed arc not usually homogeneous in composition, but
comprise most of ihe silicide phases that can exist in a given
system at the deposition temperature.'®  Silicon also has
some solid solubility in most metals. Thinner silicide de-
posits are usually morc adherent, e.g. Mo silicide up to
80 pm thick. but the adhesion of the thicker deposits
(> 200 um) is improved by successive shori-stage depositions
and intermittent heating in hydrogen to diffuse the coating
into the substrate.

Solid state preparative reactions

In the production of borides, carbides and silicides by direct
combination of their clements (or close variations of these
methods). the reactions are accelerated by using mixtures of
components in finest dispersion.?-'7® Rational grain-size
composition is of special interest now because of newer
methods of grinding materials (vibratery grinding, fluid-
energy mills, etc). The uniformity and degree of grinding
influences the following parameters:!'?! (a) surface area and
energy of the grains, (b) temperature. heat of fusion and
solution, (c) intensity of heat exchange with surroundings.
(d) rate of solution, sublimation, dissociation and chemical

J. appl. Chem.. 1969, Vol. 19, May



Glasson & Jones: Formation and Reactivity of Borides, Carbides and Silicides. 1 133

reaction with other reagents, (e) thickness of the product layer
developing on the grains during chemical reaction, and
governing diffusion rates through the layer. (f) propertics of
the crystalline reaction products. e.g. mechanical and thermal.,
(2} cffectiveness of reaction accelerators between solids, and
(h) the economics of the process. The kinetics are determined
mainly by (d) and (e). For mixturcs with components with
similar grain sizes, Jander & Hoffmann'?? have shown that
the thickness of the product layers around the grains is pro-
portional to the square root of the calcination time. In the
sintering of cach product, Berezhnoi'?? has cstablished that
the minimum porosity is given by a mixture of fine and
coarse fractions having a grain size ratio of 0-3, and contents
of 30-40% and 60-70% respectively. The successful pro-
ducuon of borides by hot pressing (reactive sintering) of
metals. hvdrides and carbides with boron or boron carbide
powdcrs?*- 174 iflustrates the general applicability of the above
parameters. However, there are only detailed kinetic <ata
available'?® on the average solid solution rates (1400-2400")
for the 50/50 TiB,-ZrB; composition. In the production of
carbides and silicides. most metals and their oxides react with
C and Si far below their mp. (1200-2200%). The lowest
possible carburisation temperatures are used to avoid any
deleterious grain growth.?

Reactivity of borides. carbides and silicides
Sintering of borides. carbides and silicides

The chemical reactivity of borides. carbides and silicides is
controlled considerably by the extent to which they have
been sintered during their formation and any subsequent
calcination. At present. there is much more information
available on the sintering of oxides and a hmited amount on
nitrides.*® Theories of sintering have been developed by
Hitig.! 7% Kingery,'7? Coble.' 78.'7? Kuczynski,'*® White'8!
and Fedorchenko & Skorokhod.'®? Sintering is enhanced by
compacting the powdered materials before calcining them in
vacito 1o prevent possible hydrolyvsis and oxidation,'83.184

Hot pressing often extensively densifies materials,? giving
almest the theoretical densities for oxides such as MgO.
CaO and ALLQ,.'85-187  Development is limited by im-
puritics. particularly gas-producing contaminants such as
hyvdroxides and carbonates. Also. nitrogen reacts extensively
with some carbides. c.g.. TiIC'®8.18% and ZrC,'"*! and pro-
duces carbide-nitride solid solutions. Hence, often vacuum
hot pressing is preferred.'?® Siniering is accelerated generally
by additives af low melting point.'?" but these may causc
serious reductions in optical and mechanical properties.
However, extremely brittle borides, carbides and silicides may
be sintered with metals such as Co 10 give satisfactory
cermets,® or may be used as surface coatings. !5

Hydrolysis and oxidation of horides, carbides and silicides

The resistance of borides. carbides and silicides to the
action of water and aqueous acids and alkalis has been
summarised by Shaffer & Samsonov.! The materials listed
by Campbell et af.**® for high-temperature coatings include
several metals such as Zr, Th, Nb and Ta which all have m.p.
above 1700° and generally reasonable ductility. but their
oxidation resistance is poor. The numerous carbides of high
melting-point, ¢.g. TiC. ZrC. NbC. Mo,C. W.C, SiC, also
have generally poor oxidation resistance., and their ductility
is inferior to that of the metals. The affinity of the metals is
exclusively higher for oxvgen than for carbon, ¢f. Figs | and
2. and consequently exchange reactions diminish the quality
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of the coatings. Similar considerations apply to borides, but
sthicides partly possess suitable combinations of the desired
propertics.

The only interstitial boride and carbide oxidations that
have been studied in any detail are those of TiB, and TiC.
They illustrate factors to consider and problems 10 be en-
countered in further investigations of other transition-metal
boride and carbide oxidations. Reactions having parabolic
kinetics between 600-1000° for TiB,'?2-1%% and 450-1000°
for TiC'?2-'°* producc scales consisting essentially of
rutile. A cubic relationship with time, found by Miinster!'?3
for the oxidation of TiB: at 900°, was not observed by
Samsonov & Golubeva.'®?  X-ray and metallographic ex-
amination'?2-'%% shows that at 700° the rutile is disperszd in
vitreous B.O;. but between 800-1000° the B,0O, forms a top
layer covering a rather porous rutile layer with coherent
rutile adjoining the metal boride. Platinum marker experi-
ments'?* suggest that the oxide/boride interface moves away
from the oxidefgas interface, but at higher iemperatures the
B,0O; flows outwards (over the markers) 10 form a separatc
layer; at 1100°, most of the B;O, volatilises and the scale
consists almost entirely of rutile. This indicates that oxyuen
rather than Ti diffusion is rate-detcrmining au feast in the
parabolic stage of the oxidation. cf. diflusion of anion
vacancics in the TiO; (n-1ype conductor)! 7.1 ?® which conirols
oxidation of Ti between 600-700° and gives a similar energy
of activation.'?6.1°?  Therefore. the oxidation mechanism
would be essentially the same as for TiC and TiN, where the
rutile scales are separated from the carbide and nitride by thin
films of TiO-TiC and TiO-TiN solid solutions.'?* The carbon
formed in the reaction TiC+ 0, = TiO, +C, is thought (o
diffuse 10 the scale surface where it reacts with oxyvgen to
form carbon oxides.2?¢ cf. oxidation of UC which finally
gives UO; containing residual C0,.2?" Some carbon may be
assimilated by the TiC lattice, especially at lower wempera-
tures, for commercial TiC is usually C-deficient.2°? Effects
of temperature and oxygen paruial pressures on TiC oxida-
tion have been investigated further,2?? and also the reactivity
with water?® and the related oxidations of Zr and Hf car-
bides.2?5 TiC-Co aggregates containing 8%, Co also oxidise
parabolically in air between 600-1000°.2°" and WC oxi-
dises more readily than TiC.?°? The hard metals TiC-WC-Co
oxidise linearly for high WC-contents (as found for TiC at
very low temperatures. 300-400°). Re-entrant edges in the
product scales are tvpical of uninhibited oxidation at the
hard metal-oxide interface. In contrast, the parabolic curve
for oxidation of TiC-Co-Cr hard metal produces much
thinner scales. which are tenaciously adherent and pro-
tective: chromium carbide improves the oxidation resist-
ance. 208

Atmospheric oxidation of transition metal silicides has
been studied systematically by Kieffer and his co-workers,
mainly between 1100-1500°. The maximum oxidation re-
sistance in the systems Ti-Si,2%° Zr-Si.2'° V-§j,2'! Nb-Si 22
Cr-Si?"3 and Moe-Si?'* is exhibited by compositions of
approximately MSi;. or higher Si contents of about 30 wt.- %
in the sysiecms Tu-Si12°? and \W-Si.2'5 However, NbSi, oxi-
dises rapidly compared with the NbsSi, phase stabilised with
Cr.2'? When oxidised at 1200°, TiSi; (m.p. 1540°), VSi;
(1670°). MoSi, (2030°) and WSi, (2160?) form vitreous well-
adhering scales which arc highly protective. MoSi, is
especially resistant to oxidation and the scales are self-
healing.?'® The mechanism of the low ionic diffusion in
these vitreous silicate scales is not yet established. ZrSi; and
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Ta silicides of lower Si content than TaSi, form scales which
are vitreous but brittle, tending to flake off during tempera-
ture ftuctuations.?%”.21¢ These silicides are more oxidation-
resistant than those of Cr and Nb which form porous,
loosely adherent scales. More recently, the continuous solid
solution at 50%, ReSi,-MoSi; is claimed as a composition
of extreme oxidation resistance at high temperatures,?!?
but poor oxidation resistance for ReSi. has been reported.?!'8
Improvements generally would seem to depend on the mutual
alloving of transition metal silicides (and borides) to produce
wernary phases of new and independent structures, the
stabilitics being controlled by clectron relations.2'® The new
structures would be unlike those of the end members. but
isomorphic 1o other single silicides with the best oxidation
resistances. Further improvements in protective performance
will depend on slight ductility possessed by some silicides, e.g.,
NbSi,. TaSi,, MoSi;, WSi;, mawching of lattice volumes,
cutectic and melting temperatures, and the extent of sintering
of the oxidised overlayers.

Exprrimental technigues
Materials

Borides, carbides and silicides usually contain impurities
introduced during their production by the initial reactants
and apparatus materials or surrounding gases. Purification
is required before determinaiion of physical properties such
as m.p.. hardness, clectrical conductivity etc.?'® The thermo-
chemistry of intcractions of metals and refractory materials
commonly used lor containers has been reviewed recently by
Kubaschewski,2?® who emphasises the lack of accurate
thermochemical daia for the nonstoicheiomeiric compositions
in refractory systems, particularly non-stoichciometric metal-
non-metal phases of high affinity. Purer boride. carbide and
silicide products are obtained by using high frequency heating
i vacuo or in argon. as developed by Brewer ¢r al. for bo-
rides??! and silicides??? and Agte & Moers for carbides.???
Agte & Moers embed the sintering carbide bars in carbide
powders 10 protect against carburisation, oxidation and
nitridation.  Extremely high temperatures of final sintering
give self-purification, by cvaporation of the oxides, metals
and other impurities with vapour pressures higher than those
of the carbides.

Additives promoting sintering, e.g. 0-2-1-5% Cr, Fe. Co,
Ni or their oxides, often form liquid phases and promote
self-purification through diffusion processes, particularly for
carbides of Groups IV and V.?2*.22% The auxiliary metal
additives can be completely vacuum-cvaporaled in high-
frequency furnaces at pressures of about 0-1 mm Hg at
2000-2500°. The refractories are hot pressed by the present
authors using apparatus designed by Scholtz.??® Roeder &
Schohz??” and Qudemans.??®  Pressure siniering bonds
compacts of ceramic friction materials on 1o metal back-
plates, for which special tvpes of furnace arc required.??®

Production of finely divided and more reactive materials
by miiling can produce considerable strain.?*Y This may be
increased by impurities, c.g. the presence of oxvgen in the
lattice causes some carbides to lose cubic symmetry and de-
form more isotropically.?*' Modern apparatus for closely
controlling the milling of maierials?42-23¢ can give products
having narrow particle size distributions. Changes in crystal-
litc and aggregate sizes during sintering and milling of the
borides. carbides and silicides arc determinced by the methods
described below.

Procedure

Hydrolysis and oxidation of the borides, carbides and
stlicides are followed by weight changes on vacuum?37-23°
and thermal®*?® balances. Samples are outgassed usually at
200° in vacuo before determination of their surface areas by
the B.ET. procedure®*! from nitrogen (or occasionally
oxyvgen) isotherms recorded at — 183° on an electrical sorp-
tion balance. The deduced average crystallite sizes (equiva-
lent spherical diameters) are compared with particle size
ranges determined by optical or electron microscope or sedi-
mcntation balance. Where necessary, particle size fractions
of the materials are sintered or hot pressed for further periods
at fixed temperatures.

Phase composition identification

Samples are examined for phase composition and crystal-
linity using an A-ray powder camera and a Solus-Schall X-ray
diffractometer with Geiger counter and Panax raie-meter.
The average crystallite size of some of the phases can be
determined from X-ray linc- or peak-broadening.?*? Certain
samples arc further examined by optical and clectron micro-
scopes (Philips EM-100). Morc dctailed investigation in-
volves determination of pore size distribution in refractories,
where the microscopic examination may be supplemented
advantageously by methods based on mercury penetration,
cxpulsion of water from a saturated specimen and electrical
detection of capillary penetration.?*? Electron-probe micro-
analysis often provides further information.?**
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In the reduction of B.O;. viz., 2B,0, +7C = B;C+6CO.
AG® = +397.193-215-22 7T cal mole-' B,C. making the
theoretical initiating temperature 1845°k. This temperature
will be reduced at lower pressures since AGy = AG®y -+
RTIn pco and AG” has a negative variation with 7. In prac-
tice, the reactants are heated to temperatures above 2400° in
an electrical furnace. the reaction being endothermic. When
part of the carbon is replaced by magnesium, the reaction
2B,0:+6Mg+C = B,C+6MgO. has AG® = —478.333+
195-67 T cal mole~' B.C. above the b.p. of Mg, 1378°k. A
reversal of the reaction is feasible above 2445°k (AG® = 0 at
2445°K), but since AGtr = AG®—RT In pyy,. this diminishes
as the reaction continues, as AG® has a positive temperature
variation. After the highly exothermic reaction is initiated, it
is self-propagating if there is adequate thermal contact be-
1ween the magnesium fragments. -

The last production method may proceed by alwernative
routes: (i) 4BCly+4H,;+CH,; = B,C+ 12HCI, (ii) 4BCl; -+
8, + CCl, = B,C+16 HCI, or (iii) 4BCl, + 6H,+ C = B,C
+12HCI. All arc highly exothermic, and once initiated are
subscquently self-propagating: carbide formation is favoured
at lower pressures.

Mechanism of formation

General information on the kinetics of vapour phase de-
position of borides and carbides has been summarised in
Pari 1.2 Pring & Fielding® reduced BCl, vapour with an ex-
cess of H. and deposited boron on a carbon surface at
1500—1750°. At higher temperatures, 1750—1950°, carbide
coatings (reported as BsC) were obtained which became more
crystalline and non-adherent as the deposition temperatures
were increased further 1o 2200°. Powell ef al.® also obiained
adherent deposits superficially resembling B.C on Mo and C
bases from 1:1 BCI, and H; mixwures containing about 2
vol.-% toluene vapour at specimen temperatures of 800—
1200°. There have becn no comprehensive siudics of rates
of boron diffuston and formation of boride layers on carbon
or various metals. Empirically, the coeflicient of ditfusion of
boron in graphite, D = 3-02 exp (—28,625/T), which in-
dicates that the diffusion of carbon in boron is correspondingly
much slower.”-® Although B (0-9 &) is larger than C (0-7 A),
the former has the higher polansabihty (first ionisation
potentials: B, 8-28 ¢V C, 11-41 eV).

In the reduction of B,O; by an excess of C, Samsonov ef
al.®% have demonstrated that there are 1wo consecutive
processes: B,0;+3CO = 2B+3C0O; above 1640°k, and
4B+ C = B;C. The newly formed B diffuses through the
boron carbide layers progressively formed on the surface of
the graphite pariicles, finally giving boron carbide particies
retaining the original shape of the graphite. i.c. therc is no
penetration of liquid B;O; through the carbide layers. The
equilibrium temperawure for boron carbide formation ac-
cording to the tolal reaction 2B,0;+7C = B,C+6CO is
about 1400° at | atm pressure of CO, allowing for fusion and
evaporation of B;0,.'® Volatilisation of boron from boron
carbide at higher temperatures, 2300—2500°, leaves carbon
as fine filaments and graphite inclusions in the carbide grains.
This substantially reduces the abrasiveness and hinders
sintering of the material.

Sintering of materials

Sintering of solids is enhanced by increases in temperature
and time of calcination, which promote surface and crystal
lattice diffusion.'' These processes are assisted further by the

presence of comparatively low-meling additives'® and by
application of pressure (hot pressine).’® The imporiance of
rational grain-size composition has been discussed also in
Part 1.2

In the present work, fincly-divided boron carbide was pre-
pared by reduction of B,O; with C and Mg. Rates of sinter-
ing were determined from changes in surface areas and average
crystallite and aggregate sizes. These are correlated with
temperature conditions during and after boron carbide pro-
duction. Also, effects of additives and hot pressing were
determined.

Experimental
Production of boron carbide

The materials used were magnesium technical grade (Mag-
nesium Elektron), diboron trioxide (Borax Consclidated)
and carbon black (Cabot’s).

Swoicheiometric proportions of the boron oxide and carbon
black were mixed thoroughly by ballmilling. The mixing
was continued with an additional stoicheciometric cxcess of
magnesium powder. The completely mixed powder was
transferred to an open reaction vessel, and a volatile fuel oil
was added 1o bind the powder and prevent sifting. The
mixture was ignited by a glowing fuse wire and the reaction
was allowed 1o conunue spentancously. The burning fuel oil
provided a non-oxidising blanket for the reaction and
assisted in the propagation: temperatures reached a maxi-
mum of 1600°. After complete reaction, the products were
allowed 10 cool overnight. The top crusts of the product
were discarded and the remainder were crushed to small
size before the magnesia was lecached out with dilute sul- |
phuric acid. The boron carbide powder was filtered, washed
free of sulphate ion with hot waiter and finally dried at 120°
for 2 h. The yield (allowing for ithe crust) was better than
90%, for batches of about 3 ku.

Sintering of boron carbide

Since boron carbide is oxidised in air at higher tempera-
tures, the samples were sintered in vacuo. The furnace con-
sisted of a fused silica tube connected o a high-vacuum
system, a single-stage rotary pump and a 3-stage oil diffusion
pump. Pressurcs were monitored using a Penning gauge,
and vacuum conditions of better than 2x 10-% 1orr were
possible during the heating cycle. The sample was in a
pyrolytic graphite crucible inductively heated by a 4 kW
radiofrequency heater operating at 450 kHz. The tempera-
ture was measured by a disappecaring filament pyromcter.
Slight outgassing during the first minutes of heating became
almost negligible when samples were reheated, particularly
at the higher temperatures.

The samples were calcined (A) for fixed tmes at different
temperatures, (B) for various times at cach of a number of
fixed temperatures. The cooled samples were removed and
outgassed at 200° in vacuo (where nccessary) before deter-
mination of their surface areas by the B.E.T. procedure'*
from nitrogen isotherms recorded at — 183° on an electrical
sorption balance.'*.1¢

More extensive sintering, up to 90% of the theoretical
density, was achieved by hot pressing. The powder was com-
pacted into a graphite mould fitted with graphite pistons and
heated inductively by a 32 kW heater at 450 kHz, while
continuous pressure up to a maximum of 3000 kg cm-? was
applicd during the heating cycle of 1 h. The mould was in-
sulated by a packing of burnt lime. Temperatures up to

J. appl. Chem., 1969, Vol. 19, May
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1900° were recorded by a thermocouple. The cooled compact
was removed easily from the mould and secuioned with a
diamond-impregnated saw, before determination of its
phase composition and density. For more detailed studies,
hot presses designed by Scholiz er al. are referenced and dis-
cussed in Part 1.2

Phase composition identification

Samples were examined for phase composition and crystal-
linity using an emission spectrograph, an X-ray powder
camera and a Solus-Schall A-ray diffractometer (Cu Ka-
radiation) with Geiger counter and Panax ratemeter. Certain
samples were examined further by optical and clectron-
microscopes ( Philips EM-100).

Results

Emission spectrographic and X-ray analysis indicated that
the boron carbide was a high-purity stoichciometric B.C:
batches contained less than 1% free carbon. Trial hot
pressings showed a material capable of being sintered to
better than 90%, iheoretical density without any additives.
Particle size and shape analysis by X-ray linc-broadening!'?
and electron-micrography indicated sub-micron sizes ranging
from 0:0l-1pum and regular shape. This was in accord
with gas sorption and surface area measurement.

In Fig. 1, variations in specific surface, §, and average
crystallite size (equivalent spherical diameter) are shown for
boron carbide samples calcined in vacuo for different lengths
of time at each of a number of fixed tcmperatures, (a) and
(¢). and for fixed times of 2 h and S h at different tempera-
tures, (b) and (d).

Discussion

FFormation of boron carbide

Boron carbide from the magnesium reduction method
gave an extremely fine powder of submicron size. Neverthe-
less, the material could be filtered readily after acid leaching
and washing. It tended to aggregate in acidic or necutral
media, probably because of some acidic oxide coating of the
particles. Accordingly, the material could be dispersed
readily in alkaline media and then became impossible 10
filter. The extremely fine granularity is ascribed 10 the
simultaneous and rapid formation of two refractory pro-
ducts, boron carbide and magnesium oxide, at temperatures
well below their m.p. (2350° and 2800° respectively). The
magnesium oxide inhibits any subsequent sintering of the
boron carbide. On the other hand, boron carbide produced by
the clectro-thermal carbon reduction at very high iecmpera-
tures is coarse crystalline material, which requires balt-
milling to give suitable grain-size composiiions for hot
pressing effectively. This material has irregular shape and is
compacied only with difliculty, requiring much higher tem-
peratures for sintering without additives.

Sintering of boron carbide

The changes in specific surface, S. and average crystallite
size in Fig. 1 show that sintering of boron carbide was en-
hanced by increased temperature and time of calcination.
Addition of 109 chromium (broken-lined curves) accelera-
ted sintering at temperatures above 1600° and cspecially at
1800°.

Although boron carbide has approximately the same m.p.
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'SPECIFIC SURFACE,
S,m’ g

AVERAGE CRYSTALLITE
SIZE, im

| | | I
0 2 & 5 1000 1400 1800

CALCINATION TIME, h CALCINATION TEMPERATURE, %¢

Fig. 1. Variation of average crysiallite size and specific surface of
boron carbide with caleination time amd temperature
{a) and (c): A 10007, 4 1200°, W 1400°, (] 1600°. C 1800°.
Addition of 10%, Cr shown by broken lines for 1600° and 1800"
{by and (d); O 2 h. O 5 h calcinations

as calcium oxide, it sintered much less extensively at 1000-
1200°, which is near the Tammann temperature (half m.p. in
°k) for lime.'? Other related ionic compounds also show
appreciable crystal lattice diffusion at temperaturces of abown
half m.p. {(in °K)."' The covalent-bond character and crystal
structure of boron carbide (discussed in Part 1?) confer low
plasticity and great resistance to sliding on the grain bounda-
ries up 10 emperatures necar 1o the m.p., combined with a
low surface tension in the solhid state. At about 1800°,
chromium metal completely wets the boron carbide surface.'®
The adhesion between the metal and the carbide is weak., for
the chromium can be removed readily from the surface of the
carbide cakes. However, it is sufficient to accelerate carbide
sintering. No zonc of interaction of boron carbide with
chromium was found previously.'® and no crystalline chro-
mium boride or carbide has been detected by X-ray examina-
tion in the present work. Some graphitisation of carbon has
been noted at 1800°, which could have left some boron in
solid solution with the remaining boron carbide or chro-
mium. This behaviour of chromium contrasts with that of
iron which forms zones of interaction when it accelerates
sintering of boron carbide. Other (ransition metals, c.g. Co
and Ni, give similar zones. apparently consisting of carbide
and boride alloys of the corresponding me1als.'®

More cxtensive sintering of boron carbide requires hot
pressing, i.c. heating under a pressure exceeding the critical
stresses at temperatures relatively close to the m.p.'?.2¢
Fine powders of less than 0-5-1 pm grain size, as in Fig. 1,
hot pressed to almost zero porosity even at 1650—1700° and
pressures of about 200 kg cm.-? The boron carbide grains
increased 1o 3-15 pm. The extra cost of the magnesium
required to replace part of the carbon for reducing B,O,
can be counierbalanced mainly by the simplification of the
plant equipment and the elimination of ball milling, besides
producing a superior material for sintering.
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