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Phase equilibria in M - X - X ' and M - A l - X ternary systems
(M = transition metal; X, X' — B, C, N, Si) and the crystal chemistry
of ternary compounds
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Abstract. The published data on phase equilibria in the M - X - X'
and M - Al - X ternary systems (M is a Group III - VIII transition
metal, X, X' are B, C, N, Si) are surveyed. These systems provide a
basis for the directed search for oxygen-free ceramic materials for
various purposes. The phase diagrams for the ternary systems are
presented; more than two hundred ternary phases formed in these
systems are systematised and described for the first time. The
typical crystal structures of the ternary compounds and of the
phases are considered, the general and distinguishing features of
these structures are analysed. It is shown that ternary compounds
containing the XM6 octahedral groups possess homogeneity
regions. The bibliography includes 240 references.

I. Introduction
Ceramics are materials which have been in use for a very long time.
Products of fired clay, faience, and porcelain have been tradition-
ally referred to as ceramics. However, the range of ceramic
materials has now considerably widened, and the term 'ceramics'
is used in relation to polycrystalline materials based on com-
pounds of Group III-VI nonmetals with one another and/or with
metals, obtained by various methods such as sintering, pressing,
precipitation from the gas phase or from the liquid colloidal state,
etc. Borides, carbides, nitrides, oxides, and silicides are the initial
compounds for the preparation of ceramics.

The interest in ceramic materials has substantially grown in
the last few decades. In the developed countries, the amount of the
manufactured ceramic products is rapidly increasing, new tech-
nologies appear, and the ceramic products have found wide
application in industry, transport, energetics, electronics, and
medicine. The new ceramics have revolutionised materials
science. At present, ceramics are the third industrial material,
regarding the tonnage of use, after metals and polymers, and
it occupies a key position in the field of high technologies.
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An evaluation of the dynamics of the increase in the manufacture
of ceramics over the period between 1990 and 1995 and up to 2000
indicates that the output volume is doubling every five years
(Table 1). This is caused by the demand for the materials meant
for performing new functions (for example, in force lasers,
memory cells, superconducting devices, catalysts, electrodes, and
heat- or radiation-resistant devices). Actually, the new ceramics
often prove to be stronger than metals, though they are lighter;
they may be elastic enough to be suitable for the manufacture of
elastic units; ceramics withstand high temperatures and thermal
shocks; they are highly resistant to corrosion and to wear.

The perfection of the existing ceramic materials and the
development of new materials involves both the synthesis of
complex compounds and heterogeneous compositions and the
preparation of finely dispersed materials (with a particle size of
— 1 —10 nm) from these compounds and compositions, which
ensures the stability and the high level of performance.

The new ceramic materials and the relevant technologies are
extremely science-dependent. This accounts for the intense
fundamental research in the field of physical chemistry, physics
and chemistry of solids, and physical material technology. All the
studies on physical chemistry and material technology dealing
with the search for new solid-phase compounds and compositions
for ceramics are based on phase equilibria and phase diagrams
presented in many publications.

The aim of the present review is to generalise and systematise
the data on the phase equilibria in the oxygen-free M — X—X' and
M—Al—X ternary systems (where M is a Group III-VIII

Table 1. Production of new ceramics and ceramic composite materials (in
millions of US dollars) in developed countries over the period from 1990 to
1995 and a forecast for the production in 2000.

Field of application

Electronics
Aviation and astronautics
Motor-construction
Medicine and biology
Metal working,

cutting tools
Industrial heat and power engineering
Other fields of application
Overall

1990

3740
80
81
15
92

15
150

4173

1995

6565
200
310

34
246

50
320

7725

2000

11360
445
820
60

500

100
720

14005
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transition metal, X and X' are B, C, N, Si) and on the crystal
structure of the ternary compounds formed in these systems.
These ternary systems serve as the constituents of more complex
4- and 5-component systems and cover largely the systems that are
used or can be used for preparing new ceramic materials.

Before we discuss ternary systems, let us consider briefly some
characteristic features of the structures of the binary compounds
that are permanently involved in the phase equilibria in the
M—X —X' systems, namely, transition metal carbides, nitrides,
borides, and silicides, and of binary high-melting compounds of
nonmetals.

The cubic (with the Bl structure) and hexagonal (with the L'3
structure) carbides and nitrides of Group IV and V transition
metals MC,., M2CV, MN,., and M2Nr (0.4 < y < 1.0) belong to
the group of nonstoichiometric interstitial compounds1-2 and
possess (in contrast to other compounds considered here) metal-
lic electrical conductivity. The atomic radius of carbon is fairly
small and is equal to ~ 0.077 nm, therefore, in compounds with
transition metals carbon always acts as the interstitial element and
is located in the interstices of the metal sublattice. The interstitial
nonmetal atoms (carbon or nitrogen) in the cubic carbides and
nitrides MC,- and MN,. occupy the octahedral interstices of the
face-centred cubic (Fee) metal sublattice and can populate either
all of the interstices or only some of them. The octahedral
interstices free from these atoms are referred to as structural
vacancies. In hexagonal lower carbides and nitrides M2C,. and
M2N,., the interstitial atoms occupy half the octahedral interstices
of the hexagonal close-packed metal sublattice. The interstitial
atoms and the structural vacancies may be arranged in a crystal
lattice either statistically (irregularly) or regularly.

The nonstoichiometric carbides and nitrides with the 51 and
L'3 structures belong to the class of the so-called octahedral
structures, that is to the structures in which each six transition
metal atoms constitute the octahedral environment of an inter-
stitial atom X or of a vacancy. These structures are built of the
XM6 octahedra joined with one another in various ways. For
example, in the NaCl type structure (Bl) the octahedra are joined
through their edges (Fig. 1). Many of the ternary compounds
considered below also incorporate regular or distorted XM6
octahedra as the main structural motif.

Carbides and nitrides of Group VI-VIII transition metals
have virtually no homogeneity regions and can have various
crystal structures with a relatively high symmetry, namely,
orthorhombic, tetragonal, hexagonal, or cubic.

A detailed description of the structures and properties of
binary carbides and nitrides of transition metals with allowance
for the short-range and long-range effects of nonstoichiometry
has been published.1 ~6

Transition metal compounds with boron are built in a differ-
ent manner. The boron atoms are larger than the carbon or

Figure 1. Crystal structure of the NaCl (Bl) type of the cubic (space
group Fmim) monocarbides and mononitrides MX (X = C, N)
represented by XM6 octahedra.

nitrogen atoms; therefore, B —B bonds can arise in the crystal
lattice of borides. In the borides M2B, the boron atoms are
separated from one another, and the M - B interactions are the
most significant. With the increase in the boron content, changes
occur from the structure with the separated boron atoms in M2B
to the ... —B —B —... zigzag-like chains in MB and to hexagonal
chains in M3B4, and then to a two-dimensional hexagonal
network of boron atoms bound to one another in the diborides
MB2 and to cage structures built of boron atoms in the borides
MB4, MB6, and MBi2, which contain interpenetrating lattices of
the metal and boron atoms.7

The atom radius of silicon, an analogue of carbon, is much
larger, being equal to ~ 0.117 nm. In compounds with Group IV
and V transition metals, whose atoms are sufficiently large, silicon
still acts as an interstitial element; the silicides of other transition
metals occupy an intermediate position between interstitial com-
pounds and intermetallides. Thus, silicon can be incorporated in a
metallic lattice as an interstitial element or as a substituting
element. In lower silicides (for example, in M3Si), the silicon
atoms are separated from one another, and only M - S i bonds
exist. As the content of silicon atoms increases, isolated Si — Si
pairs are formed initially; the further increase in the silicon content
results in one-dimensional zigzag-shaped chains of the silicon
atoms (in compounds of the MsSi3 type), two-dimensional close-
packed networks (in MSi2), and, finally, three-dimensional spatial
frameworks of silicon atoms (for example, in lanthanide disili-
cides8). The crystal structures of borides and silicides are quite
diverse.

Aluminium forms numerous intermetallic compounds with
transition metals, many of which have homogeneity regions.

The great difference between the crystal structures of carbides
and nitrides, on the one hand, and borides, silicides, and
aluminides, on the other hand, result in their low mutual
solubility.

Boron, carbon, nitrogen, silicon, and aluminium form solid
solutions not only with metals, but also with one another, for
example, in the X—X' binary systems (B —C, B —N, Si —B,
Al -B , C - N , S i -C , A l - C , S i -N , and Al -N) . Let us discuss
briefly the characteristic features of the crystal chemistry of these
high-melting carbides, nitrides, and borides of nonmetals. The
structural characteristics of the high-melting compounds are listed
in Table 2.
The B—C system. The main phase in the B —C system is
boron carbide B4C (Bi2C3); the carbide Bi3C2 is also formed
(see Table 2).

The twelve boron atoms in Bi2C3 are located at the vertices of
an icosahedron. The B12 icosahedra constitute an Fcc-lattice, the
three carbon atoms being located as the C — C — C chain in the
large octahedral interstices. The terminal carbon atoms in this
chain are linked to four boron atoms from the two nearest
icosahedra (the B —C distance is 0.164 nm); and the central
carbon atom of the carbon chain is bound only to the other
carbon atoms of this chain, which are located at a distance of
0.139 nm from it.

The carbide B13C2 has a structure derived from that of B4C
(Bi2C3). This compound can be represented as (Bi2)BC2, i.e., it
may be regarded as Bi2C3 in which one of the C atoms has been
substituted by boron. The boron atom and the two carbon atoms
are located in the octahedral interstices of the B12 icosahedra as
C - B - C chains.

The similarity of the crystal lattices of the carbides B4C
(B12C3) and Bi3C2 led some authors to suppose that there exists
one phase with a broad homogeneity region. However, the
dependence of the properties of boron carbide on the carbon
content exhibits two extrema at the compositions B12C3 and
BnC2, which attests to the existence of two different phases.
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Table 2. Crystal-chemical characteristics of high-melting compounds of nonmetals.

Compound Symmetry and
type of structure

Space group Unit cell parameters / nm Ref.

B4C (B12C3)
B,3C2(B12BC2)
a-BN
P-BN

Y-BN

SiB4

SiB6

SiBu(SiBi2+.O
A1B2

a-AlBn
at-AlBn
Y-A1B.2
P-C3N4

a-SiC(2#)
a-SiC (4H)
a-SiC (6H)
a-SiC(15fl)
p-SiC(3C)

ALA
a-Si3N4

P-Si3N4

A1N

Hexagonal
it

M

Cubic, sphalerite
ZnS (S3) type

Hexagonal, wurtzite
ZnS (54) type

Hexagonal
Orthorhombic
Hexagonal
Hexagonal,

C32 type
Tetragonal
11

Orthorhombic
Hexagonal,

P-Si3N4 type
Hexagonal
11

it

Rhombohedral
Cubic, sphalerite

ZnS (53) type
Hexagonal, Dl\ type
Hexagonal,

phenacite Be2SiO4 type
11

Hexagonal,
wurtzite ZnS (BA) type

Kim
Kim
Pdijmmc
F4im

P63mc

Rim
Pnnm
Kim
P6/mmm

-
P4.2.2
^2,2,2,
P63/m

Pf>-$mc
Pdsmc
P6imc
Kim
F4im

Rim
Pile

P6}/m
P6ymc

9
9
4
g

4

9
40

7
1

14
4
4
2

2
4
6
5
4

3
4

2
4

0.561
0.5633
0.2504
0.3615

0.255

0.635
1.4392
1.113
0.3009

1.016
1.0158
1.6573
0.63

0.3073
0.3073
0.3073
0.3073
0.4349

0.3330
0.767

0.759
0.3113

1.8267

1.7510

1.214
1.2164
0.6661
-

0.423

1.269
0.9885
2.383
0.3262

1.428
1.4270
1.0144
0.246

0.5028
1.0053
1.5079
3.770
-

2.489
0.564

0.292
0.4982

9
10
11
12

13

7
14
15
16

1
18
19
20

21
21
21
21
21

22
23

23
24

A1N P6jmc 0.3111 0.4978 22

a From here on, Z is the number of formula units in the unit cell.

The B - N system. In the B - N system only one compound is
formed, namely, boron nitride BN, which exists in a, fi, and y
modifications.

The nitride a-BN has a hexagonal graphite-like structure. The
boron and nitrogen atoms in this ideal structure are regularly
distributed in hexagonal networks; the networks are arranged one
above the other in such a way that the boron and nitrogen atoms
alternate along the c axis of the crystal. The distance between the
layers in a-BN is larger than the interatomic distances in the
networks by a factor of 2.5. This causes substantial anisotropy of
the properties of a-BN. The a-BN modification can have various
degrees of ordering ranging from an amorphous structure to a
completely ordered structure. The resistance of a-BN to oxidation
increases with an increase in the degree of ordering.

The cubic modification P-BN has a sphalerite-type structure
(ZnS, 53), and y-BN has a wurtzite-type structure (ZnS, B4). The
structures of P- and y-BN are very similar, and they may be
regarded as polytypes. The cubic boron nitride P-BN is stable to
attrition and possesses an extremely high hardness close to that
of diamond. Only a- and P-BN are thermodynamically stable.13

The S i - B system. Three compounds, SiB4, SiB6, and SiBi2 + x

(SiBi4), are formed in this system (see Table 2).
The structure of the boride SiB4 is similar to that of B4C

(B12C3): Bn icosahedra form an Fcc-lattice, the silicon atoms
being located in its octahedral interstices; some of the silicon atoms
can substitute the boron atoms in the B12 groups. The boride SiB4

is stable at r*S 1640 K; at higher temperatures it decomposes
peritectically to give the orthorhombic boride SiB6 and silicon.

The compound SiB 12 + x (SiBi4), which also exists in the Si — B
system, is sometimes regarded as being a solid solution of silicon in
P-B (the groups of boron atoms in the p-B structure constitute a
rhombohedrally distorted cubic close packing, the interstices of

which may contain silicon and aluminium atoms, together with
the boron atoms25).
The Al—B system. In the Al —B system, the existence of borides
AIB2 and a- and Y-AIB12 has been established reliably.

The boride AIB2 has a hexagonal structure (space group
P6/mmm) of the C32 type. In this structure, the aluminium
atoms form trigonal prisms joined through all faces; the axes of
the prisms are parallel to the c direction. The boron atoms are
located at the centres of these prisms, therefore the structure of
AIB2 may be regarded as a filled structure of the WC type.

The borides a-AlBn and y-AlBn have tetragonal and mono-
clinic structures of their own types (see Table 2). The orthorhom-
bic boride P-AIB12, which has been repeatedly described in the
literature, is in fact the borocarbide AI3B48C2.25

The C—N system. Gaseous cyanogen C2N2 exists in this system
under equilibrium conditions. On heating to 870 K cyanogen
polymerises to give a dark-brown solid (amorphous) and insolu-
ble paracyanogen. When paracyanogen is heated to 1130 K in the
absence of air, it is again converted to cyanogen.

In the system under consideration, the existence of a solid
phase resembling a diamond-like solid solution of nitrogen in
carbon C(N) cannot be ruled out. Furthermore, in recent years,
information on crystalline carbon nitride has been reported. Liu
and Cohen 26< 27 who have used a model suggested previously 28 for
the calculation of the crystal and electronic structures of solid
phases, predicted the possible existence of crystalline P-C3N4.
Later, this compound has been found as particles with a size of
~0.5 um in a ~ 1 mm thick C,N-containing film obtained on a
silicon support by atomisation of graphite (T=673-873K)
under a nitrogen atmosphere (PN2 = 2.3 Pa).20 The carbon
nitride P-C3N4 has a hexagonal structure of the P-Si3N4 type
(see Table 2).
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The S i - C system. In this system only one phase exists, namely,
silicon carbide SiC having a- and p-modifications.

The structure of a-SiC consists of close-packed layers of
silicon atoms and close-packed layers of carbon atoms, which
are arranged between the silicon layers at a height equal to | of
the distance between them; the carbon atoms occupy the same
crystallographic positions as the silicon atoms. Consequently, all
the atoms of one kind in the carbide a-SiC are located in the
tetrahedral environment of atoms of the other kind (SiC4 and
CSi4>. The number of the layers in the structure of a-SiC may
differ, which accounts for the polytypism of silicon carbide. The
carbide a-SiC forms more than 100 hexagonal and rhombohedral
polytypes. More than 70 polytypes of a-SiC differing in the
number of the layers have been described in a review.21 The most
commonly encountered structures are 4-, 6-, and 15-layered
polytypes denoted as 4 H, 6 H, and 15 R (the letters H and R
correspond to hexagonal and rhombohedral polytypes and the
digits correspond to the numbers of the layers in the polytypes; the
cubic close-packed structure is designated as 3C).

The cubic modification p-SiC crystallises with the sphalerite
ZnS (53) structural type; its formation is probably promoted by a
slight excess of silicon.

The temperature of the peritectic decomposition of silicon
carbide is 3030-3100 K.
The Al—C system. AI4C3 is formed as the only hexagonal carbide
in the Al—C system (see Table 2). In this compound, the
aluminium atoms constitute close-packed planes, with 3 and 5 of
all the carbon atoms being located between these planes in the
tetrahedral and octahedral interstices, respectively. Consequently,
the AI2C2 and AI2C layers alternate along the c axis (a rhombohe-
dral unit cell contains 12 close-packed planes of aluminium
atoms).
The Si —N system. The silicon nitride SJ3N4 is the only stable
silicon compound with nitrogen. It exists in two modifications:
a-Si3N4 (trigonal) and P-S13N4 (hexagonal) (see Table 2).

The nitride <x-Si3N4 has a layered structure in which each
silicon atom is in the tetrahedral environment of four nitrogen
atoms, and three silicon atoms constitute the nearest environment
of each nitrogen atom.

The structure of 0-Si3N4 also consists of SiN4 tetrahedra in
which each nitrogen atom is shared by three tetrahedra. The
nitride P-Si3N4 is stable up to 1700K in the absence of nitrogen.
The intercalation of admixtures into the lattice of P-Si3N4 can lead
to the formation of the a-modification (for example, the structure
of a-Si3N4 is stabilised by elemental silicon).
The Al—N system. In the Al — N system, too, only one compound
is known, namely, the nitride A1N with a hexagonal structure of
the wurtzite ZnS (54) type. The nitrogen atoms in A1N occupy
tetrahedral vacancies between the hexagonal close-packed layers
of aluminium atoms. The sintering of an aluminium nitride
powder prepared by the plasmochemical method yields a multi-
layer sphalerite polytype of A1N.13 In all probability, this
modification arises due to the presence of an admixture of oxygen.

Aluminium nitride possesses high hardness, heat conductivity,
and thermal stability and low thermal expansion coefficient; it is
resistant to oxidation up to 1000 K.
The Al—Si system. In this system no compounds have been
detected.

II. Phase equilibria in M—B — C borocarbide
systems
The transition metal borocarbide systems are among the ternary
systems of transition metals with boron, carbon, nitrogen, and
silicon studied most thoroughly. Nevertheless, virtually no survey
papers devoted to them have been published. Some of the
M —B —C systems have been described in monographs.8'29"31

1. Borocarbides of Group III transition metals
Borocarbides of scandium, yttrium, and lanthanides have not
been studied adequately, though it is in these systems that most of
the known ternary compounds M.xB,.Cr (Table 3) have been
found. In particular, scandium, yttrium, and all the lanthanides
(except for Pm) form ternary borocarbides of the formula
MB2C2.33-34-36-37-41'44-46 For the lanthanide borocarbides
LnB2C2, a small tetragonal unit cell containing one LnB2C2
formula unit and having similar ao and Co parameters was initially
suggested.36'41 The boron and carbon atoms in this structure are
arranged randomly. Using YB2C2 as an example, Bauer and
Nowotny have shown 34 that the crystal structure with disordered
distribution of the B and C atoms is described by the P4/mmm
space group, the small cell being regarded as only the first
approximation to the structure of the borocarbides LnB2C2.
Judging from the general views about bond lengths and direc-
tions, a tetragonal structure with a regular arrangement of B and
C atoms (space group P4/mbm with a = a^\fl and c = c0) has
been suggested for the compounds MB2C2. Bauer and Nowotny34

have suggested a more plausible model for the ordering of the
boron and carbon atoms in the compounds MB2C2 under
consideration in relation to yttrium borocarbide YB2C2. Accord-
ing to this model, the small tetragonal unit cell with a statistical
distribution of the atoms is doubled along the c axis, i.e. a = ao
and c = 2co. In the unit cell thus obtained (space group P42c), the
metal atoms occupy the 2(e) sites, the four boron atoms occupy
the 4(/) sites with y = 0.232, and the four carbon atoms are at the
4(A) sites with x = 0.168 (Fig. 2).

A study of the crystal structure of LaB2C2 carried out by
Bauer and Bars37 has confirmed the validity of the ordering model
described above.34 The diffraction pattern of LaB2C2 was inter-
preted 37 in terms of several models: a small tetragonal unit cell
with a disordered distribution of boron and carbon atoms [space
group P422, Z = 1, the B and C atoms occupy the 4(w) sites with
x = 0.203]; a small unit cell with an ordered distribution of
nonmetal atoms [space group Pmmm, Z = 1, the B and C atoms
occupy the 2(p) and 2(1) sites, respectively]; an ordered tetragonal
structure with a = a0V2 and c = c0 (space group P4/mbm,
Z = 2); and an ordered tetragonal structure (space group P42c,
Z = 2). The latter model proved to be the most successful. This
made it possible to conclude that all the borocarbides LnB2C2
crystallise with a tetragonal structure (space group P42c) with an
ordered distribution of the carbon and boron atoms in the lattice.
The unit cell parameters of the yttrium and lanthanide borocar-
bides MB2C2 with ordered and disordered distributions of the
boron and carbon atoms are listed in Table 3.

Another common structure of scandium, yttrium, and heavy
lanthanide borocarbides is MB2C.32> 34> 35 In the case of disor-
dered distribution of the B and C atoms in the borocarbide YB2C
(space group P4/mbm), four Y atoms occupy the 4(g) sites, and
twelve boron and carbon atoms are distributed statistically

Q Ln,z = O

O B,z = |

Figure 2. Projection along the [001] axis of the ordered crystal structure
of the borocarbides MB2C2 of the YB2C2 type (space group P4~2c).34

Only one half of the unit cell is shown; for z = \, the B - C network is
rotated by 90°.
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Table 3. Some ternary compounds in borocarbide systems of Group HI transition metals and lanthanides.

Compound

ScB2C

ScB2C2

YBC
Y2BC2

YB2C

YB2C
YB2C
YB2C2

YB2C2

YB2C2

CeB2C2

CeB2C2

CeB2C4

Ce5B2C6

LaBC
LaB2C2

LaB2C4

La5B2C6
PrB2C2

PrB2C2

NdB2C2

NdB2C2

SmB2C2

SmB2C2

EuB2C2

GdB2C2

GdB2C2

GdBc
Gdo.35Bo.45Co.2o

(~Gd7B9C4)
Gd0.3B0.4C03
(~GdBC)
Gd0.4B0.35C0.25

(~Gd8B7C5)
Gdo.35Bo.19Co.46
(~Gd2BC2)
TbB2C

TbB2C2

TbB2C2

DyBC
DyB2C

DyB2C2

DyB2C2

HoB2C

HoB2C2

HoB2C2

HoBC

HoBc

H02BC3

Symmetry and type

of structure

Tetragonal,
the YB2C type

Orthorhombic
11

Isostructural to
YI5C19(?)

Tetragonal
(disordered)

Tetragonal (ordered)
11

Tetragonal
(disordered)

Tetragonal (ordered)
Tetragonal
11

11

—

Tetragonal
-
Tetragonal
—
Tetragonal
11

11

11

11

it

11

it

it

it

Orthorhombic
-

-

-

Orthorhombic

(?)
Tetragonal,

the YB2C type
Tetragonal
11

Orthorhombic
Tetragonal,

the YB2C type
Tetragonal
11

Tetragonal,
the YB2C type

Tetragonal
11

Orthorhombic
(high-temperature
the YBC type

Tetragonal
(long-period)

Centred
tetragonal
(high-temperature)

Space group

P42/mbc

Pbam
Cmmm
—

P4/mbm

P42lmbc
P42lmbc
P4/mmm

P42c
—
-
P42c
-
P4
—
P42c
-
P4
—
P42c
—
P42c
—
P42c
P42c
—
P42c
Cmmm
-

-

-

—

P42/mbc

-
P42c

Cmmm
PA2lm.bc

—
P42c

P42/mbc

-
P42c
Cmmm

-

—

Z

8

4
4
—

4

8
8
1

2
-
-
2
-
4
—
2
-
4
—
2
—
2
—
2
2
—
2
4
—

-

-

-

8

-
2

4
8

-
2

8

-
2
4

-

_

Unit cell parameters / nm

a

0.6651

0.5175
0.3388
-

0.6769

0.6769
0.6793
0.3796

0.3796
0.3788
0.3817
0.3817
-
0.8418
-
0.3822
-
0.8585
0.382
0.381
0.3803
0.3803
0.3796
0.3796
0.3801
0.3792
0.3792
0.4356
-

-

-

0.609

0.6791

0.3784
0.3784

0.3384
0.6788

0.3782
0.3781

0.6773

0.3780
0.3780
0.3384

0.3546

0.3561

b

1.0075
1.3693
—

-

-
-
-

-
-
-
—
—
-
—
—
—
—
—
7
—
—
—
_
—
—
—
0.3796
-

-

-

>0.8

-

-
-

1.3727
—

-
-

-
-
1.3697

-

—

c

0.6763

0.3340
0.3627
—

0.3715

0.7430
0.7438
0.3562

0.7224
0.3551
0.3852
0.7704
-
1.2077
-
0.7924
-
1.2313
0.381
0.762
0.3794
0.7588
0.3696
0.7392
0.7602
0.3640
0.7280
0.3697
-

-

-

0.856

0.7522

0.3591
0.7182

0.3647
0.7452

0.3560
0.7118

0.7399

0.3537
0.7074
0.3594

4.640

1.2455

Ref.

32

33
34
34

34

34
34
34

34
36
36
37
38
39
40
37
38
42
41
37
41
37
36
37
37
36,41
37
43
41

41

41

41

35

41
37

43
35

41
37

35,44

41
37,44
44

44

44
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Table 3 (continued).

Compound Symmetry and type
of structure

Space
group

Z Unit cell parameters / nm

a b c

AI Gusev

Ref.

LaB2C2

H02BC3

H03B2C3
H05B2C6

H05B2C5
H0,5B2Ci7

ErB2C
ErB2C2

ErB2C2

TmB2C

TmB2C2

TmB2C2

YbB2C

YbB2C2

YbB2C2

LuB2C

LuB2C2

LuB2C2

Tetragonal
Primitive

tetragonal
—
Tetragonal,

the La5B2C6 type
Tetragonal
Tetragonal

(substitution of in
Hoi5Ci9byB)

Tetragonal
tt

11

Tetragonal,
the YB2C type

Tetragonal
11

Tetragonal,
the YB2C type

Tetragonal
11

Tetragonal,
the YB2C type

Tetragonal
11

—

—

-

PA

-
P42,c

P42/mbc
-
PAlc
P42/mbc

—
P42c
P4i\mbc

-
P42c
P42lmbc

-
P42c

0.3816
0.3567

0.7981

0.8033
0.8004

0.6753
0.3778
0.3778
0.6735

0.3776
0.3776
0.6724

0.3775
0.3775
0.6755

0.3762
0.3762

0.3975
2.4515

1.1561

1.0812
1.5984

0.7321
0.3508
0.7016
0.7284

0.3477
0.6954
0.7240

0.3560
0.7120
0.7178

0.3453
0.7102

36,41
44

44
44

44
44

35
41
37
35

36
37
35

36,41
37
32

36
37

between the 8(7) and 4{h) sites. In the case of the borocarbides
MB2C with an ordered distribution of the B and C atoms (space
group P42/mbc), the unit cell parameter c is twice as large as that
for the disordered unit cell; the Y atoms occupy the 8(g) sites,
sixteen boron atoms are arranged at the 8(/i) sites of two types, and
eight carbon atoms occupy the 8(A) sites.

Phase equilibria in the Y - B - C , 3 4 E u - B - C , 3 1

G d - B - C , 4 1 and H o - B - C 4 4 systems have been studied; in
these systems, four, two, five, and eight ternary compounds,
respectively, have been found (Fig. 3). The state diagram for the
Y — B—C system has been constructed using the data of an X-ray
structural study of samples quenched from a melt. A phase

EuB6

B B4C B B13C-B4C B B4C

H0B4
HoB6

H0B12

HoB2

B13C2-B4C

Figure 3. Phase equilibria in the L n - B - C ternary systems (dark areas
denote one-phase homogeneity regions).
(a) the Y —B—C system (the samples were quenched from the melt),

(/) Y2BC2, (2) YBC, (3) YB2C, (4) YB2C2;
(A) theEu-B-Csystem(1773K),(7) EuB,C>-, (2) EuB2C2;
(c) the Gd - B - C system (2273 - 2573 K), (/) ~ Gd7B,C4,

(2) ~Gd8B7C5, (5) ~Gd2BC2, (4) GdBC, (5) GdB2C2;
(d) the Ho - B - C system (1773 K), ( /) HoB2C, (2) HoB2C2, (3) HoBC,

(4) Ho2BC3,(5) Ho5B2C5,«5) Ho5B2C6, (7) HC5B2C7,
(S)Ho3B2C3.



Phase equilibria in the M - X - X' and M - Al - X ternary systems and crystal chemistry of ternary compounds 385

diagram for the Ce — B — C system has been suggested 47 based on
thermodynamic estimates; however, only one ternary compound,
which was known at that time, was taken into account in this
study.

2. Borocarbides of Group IV transition metals
Due to their high stability borides of Group IV transition metals
exist in equilibrium with carbon, boron carbide B4C, and non-
stoichiometric monocarbides M I VC,. The mutual solubility of
borides and carbides is very low.
The T i -B —C system. The first version of the state diagram for
this system was suggested by Brewer and Haraldsen.47 According
to the thermodynamic calculations made by them, four titanium
borides, namely, Ti2B, TiB, T1B2, and Ti2B5, are formed in this
system. The existence of the Ti2B and Ti2Bs phases has not been
confirmed reliably in experimental studies. The phase diagram for
the Ti —B —C system, commonly accepted at present, has been
constructed using the results of a detailed study48 and has
been refined later in another study;49 this variant has also been
presented in a paper by Schouler et al.50 (Fig. 4). The isothermal
cross-section through the Ti — B — C system at 2273 K 5 ' coincides
almost exactly with that presented in Fig. 4a.

There is almost no mutual solubility of titanium carbide
TiCi.o and titanium diboride TiB2 at temperatures below 2273 K.
When the stoichiometric composition of titanium carbide is
disturbed, the solubility of TiB2 in it increases. In fact, at 1873 K,

TiB
TiB + TiC,

L + TiB + TiC

L+Tic

at.%

r ,K

3498 ± 20 K

3273

TiB2 40 80 C TiB2

C (mass %)

40 8OB4.sC

B4.5C (mass %)

Figure 4. State diagram for the Ti — B — C ternary system and its
pseudobinary cross-sections.49-so

(a) the isothermal cross-section through the Ti —B —C system at 1873 K
(dark areas denote one-phase homogeneity regions); (b) polythermal
pseudobinary TiB2 —C cross-section; (c) polythermal pseudobinary
T1B2 — B4 5C cross-section.

~ 3 mol % of TiB2 is dissolved in the carbide TiCo.95, whereas
TiCo.68 dissolves ~ 7 mol % of TiB2. The increase in the solubility
of TiB2 is in good agreement with the conclusion made by Gusev 2

that an increase in the concentration of structural vacancies
creates new interstitial positions and is favourable for the increase
in the solubility. Note that the hardness of titanium carbide
increases on the addition of TiB2.

In the TiC,,-TiB2, TiB2-C, and TiB2-B4C pseudobinary
cross-sections, ordinary eutectics at 2900, 2780, and 2600 K,
respectively, are formed. The mutual solubility of titanium
boride and titanium carbide along the TiC,-TiB pseudobinary
cross-section should most likely be unlimited, if these compounds
have identical structures of the B\ type, and their unit cells have
similar sizes. In the T\Cy — TiB system, there is a possibility of the
formation of solid solutions, but it is prevented by the decom-
position of TiB at temperatures above 2200 K.52

The Zr — B — C system. The state diagram of this system has been
studied in a number of papers.47'53-54 The ZrC, — ZrB2, ZrB2 — C,
and ZrB2 —B4C pseudobinary equilibria were found in the
Zr —B —C ternary system; later, their existence has been con-
firmed experimentally. In addition, the ZrC,. — ZrB equilibrium
exists at T ^ 1523K and the ZrB]2-B4C equilibrium exists at
T > 1923 K.47 ZrB has not been detected.53 The solubility of ZrB2

in the carbide ZrC,. increases with an increase in the concentration
of structural vacancies in the carbon sublattice of the carbide.
The H f - B - C system. The phase diagram for the H f - B - C
ternary system was constructed for the first time by Nowotny et
al.53 It proved to be fairly similar to the state diagram of the
Ti - B - C system. The HfB - HfC,, HfB2 - HfC,., HfB2 - C, and
ZrB2 —B4C pseudobinary equilibria exist in the Hf—B —C
system. In the HfB2-HfC,., HfB 2 -C, and ZrB 2 -B 4 C pseudo-
binary cross-sections, ordinary eutectics at temperatures of 3410,
2790, and 2600 K, respectively, are formed. The solubility of HfB2

in HfC, increases with an increase in the defectiveness of the
carbon sublattice of the carbide.

A general feature of the interaction of boron with titanium,
zirconium, and hafnium carbides is the formation of limited
MBvCi_T borocarbide solid solutions. The solubility of boron
in carbides increases in the sequence TiC,. -> ZrC, -> HfC,- and
with a decrease in the carbon content. Hafnium carbide dissolves
up to 6 at.% of boron.

No ternary compounds are formed in the titanium, zirconium,
and hafnium borocarbide systems.47"50-53"55

The T h - B - C system. Only binary carbides ThC, ThC2 , and
B4C and borides ThB4 and ThB6 exist in this system. There are
four pseudobinary phase equilibria in the Th —B —C ternary
system, namely, T h C - T h B 4 , T h C 2 - T h B 6 , T h B 6 - C , and
ThB6 — B4C.47 It has been shown by experimental studies that in
this system (in contrast to the titanium, zirconium, and hafnium
borocarbide systems), four ternary compounds ThaB2C3, ThBC,
ThB2C, and ThBC2, are formed (Table 4). They all have
homogeneity regions, the homogeneity region of ThBC being
fairly large. A state diagram for the Th —B —C system has been
reported.56 Five ternary compounds, namely, ThBC, ThB2C,
ThBC2, Th2BC, and Th2BC2, were found in this diagram (the
ternary monoclinic thorium borocarbide Tli3B2C2 reported in
another paper58 was not taken into account in this diagram). The
compounds ThBC and ThB2C melt congruently at 2370 and
2310 K, respectively.

A characteristic feature of the Th —B —C system is that
carbon is almost insoluble in borides, and boron is almost
insoluble in carbides.

3. Borocarbides of Group V-VII I transition metals
The ternary systems of Group V transition metals with boron and
carbon differ from the analogous systems containing Group IV
transition metals in that new binary borides, M3B4 and M3B2,
arise in these systems. No ternary borocarbides of Group V
transition metals were detected in the M v — B — C systems.
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Chromium, molybdenum, and uranium form borocarbides
with boron and carbon, whereas in the W—B—C system no
ternary compounds were detected.
The V - B - C system. The state diagram for the V - B - C system
has been constructed by Markovsky et al.69 In this system, all the
carbides and borides are in equilibria with one another:
V2Q-V3B2, V2C>,-VB, VC, -VB, VC, -V 3 B 4 , V Q - V B z ,
and VB2 —B4C. The VB2 —C pseudobinary equilibrium also
exists. The solubility of boron in vanadium carbides is low, but it
is somewhat higher than the solubility of carbon in vanadium
borides.
The N b - B - C system. This system involves the same phase
equilibria as the V—B—C system.69 The NbCy —NbB2 pseudo-
binary cross-section is eutectic with an eutectic temperature of
~2900K. The solubility of boron in the carbide NbCy increases
with a decrease in y and can reach 5 at.%. The hardness of the
niobium carbide NbCy increases noticeably on the dissolution of
boron.
The Ta—B—C system. In this system, the existence of borides
Ta2B and Ta3B, in addition to the borides TaB2, Ta3B4, and TaB,
which are also characteristic of the V —B—C and Nb —B —C
systems, has been reported.47 Later, the existence of Ta2B has been
confirmed, and the boride Ta3B2 has also been found. The
existence of Ta3B has not been confirmed. The Ta —B—C
system, unlike the V —B—C and Nb —B —C systems, involves
one more pseudobinary equilibrium, namely, Ta2Cy —Ta2B. The
TaC>.—TaB2 pseudobinary cross-section has a eutectic at a
temperature of ~3000K. The solubility of boron in TaC,,
increases with an increase in the concentration of carbon
vacancies and can reach 6 at.%. The solubility of carbon in
TaB2 is no more than 2 at.%. The dissolution of boron in TaC^
leads to a substantial increase in the microhardness.
The Cr—B —C system. Chromium carbides, in contrast to
carbides of other transition metals, can dissolve substantial
quantities of boron. This is caused by the significant differences
between the crystal structures of chromium carbides and carbides

of other transition metals. For example, at 1723 K, about 30% of
the carbon can be substituted by boron in the carbide Cr23C6,
about 36% in Cr7C3, and about 5% in Cr3C2.29 The state
diagram for the Cr—B —C ternary system has been con-
structed;70 however, the phase relationships in the region rich in
carbon and boron have been studied inadequately. Chromium
forms four ternary phases with boron and carbon, namely, the
Cr3(B,C)2, Cr7(B,C)3, and Cr23(B,C)6 solid solutions and the
compound Cr7BC4 (see Table 4).

The boron atoms and some of the carbon atoms in Cr7BC4 fill
the trigonal prismatic interstices and the rest are arranged in the
octahedral vacancies of the metal sublattice.60 This compound is
stable in the temperature range 1820 K-1980 K. A neutron-
diffraction study has shown that the borocarbide Cr7BC4 has a
filled structure of the Re3B type (space group Cmcrri) (Fig. 5),
which is also peculiar to other ternary compounds (for example,
zirconium and hafnium aluminidonitrides).61 In the borocarbide

O

Figure 5. Projection along the [001] axis of the crystal structure of the
Re3B type (space group Cmcm).
(1, 2) nonmetal atoms located at heights x = 0 and x = \, respectively;
(3,4) metal atoms located at heights x = 0 and x = j , respectively.

Table 4. Some ternary compounds in borocarbide systems of Group IV and Group VI-VIII transition metals.

Compound Symmetry and
type of structure

Space
group

Unit cell parameters/ nm Ref.

a

ThBC
Th3B2C3

ThB2C
ThB2C

TI1BC2
Cr7BC4

Cr3(Bo.44Co.56)Co.8S
M02BC

UBC
UBC
UBC
UB2C

U5B2C7
Mn 2 3 C 3 B 3

Mn 7 BC 2

Fe 2 3 C 3 B 3

Fe3(B,C)

(Fe3Co.2Bo.8)
CouBzC

Tetragonal
Monoclinic
Hexagonal
Trigonal

(rhombohedral)
-
Orthorhombic filled

structure of the Re3B type
M

Orthorhombic
Monoclinic
Orthorhombic
11

Trigonal, the TI1B2C type
(high-temperature
modification)

Tetragonal, the La5B2C6 type (?)
Cubic, the Cr23C6 (D$4) type,

a solid solution of boron in Mn23C6
Orthorhombic, a solid solution

of boron in Mn?C3

Cubic, the Cr23C6 (D84) type
Orthorhombic, the cementite

Fe3C(£>0ii)type
Cubic, the Cr23C6 (O84) type

P4,22
P2jm
P6/mn
Rim

-
Cmcm

Cmcm
Cmcm
C2/m
Cmcm
Cmcm
Rim

-
Fmlm

Pnma

Fmlm
Pnma

Fmlm

0.3762
0.3703
0.3868
0.6676

0.2870

0.2857
0.3086
0.3591
0.3591
0.3591
0.6535

1.071

0.4521

1.0594

1.047

0.9146

0.9260

0.9233
1.735
1.195
1.195
1.1985

0.6986

2.5246
0.3773 a

0.3810
1.1376

0.6982

0.6967
0.3047
0.3372
0.3372
0.3348
1.0781

1.2099

56,57
58
56
59

56
60

61
62
57
63
64
64

64
65

31

67
68

69

1 In the unit cell 0 = 100.06°.
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Cr7BC4 with the Re3B type of structure, the carbon atoms at the
4(6) sites populate 85% of the octahedral interstices, and the rest
of the carbon atoms together with the boron atoms share the 4(c)
sites at the centres of trigonal prisms. Thus, the more exact
structural formula of this compound should be written as

The Mo —B —C system. The possible phase equilibria in the
Mo —B—C system were first estimated by a thermodynamic
calculation.47 According to this estimate, six pseudobinary phase
interactions exist in this system, and ternary compounds are
absent. More recently,69 the Mo — B — C phase diagram has been
made substantially more precise.

One ternary compound M02BC with a small homogeneity
region and an orthorhombic structure (space group Cmcm) of its
own type (see Table 4), typical also of a number of other ternary
compounds discussed in this review, is formed in this system. The
structure of M02BC is a combination of the boride and carbide
sublattices (Fig. 6). The carbon atoms are located at the centres of
the octahedra formed by the molybdenum atoms. The CM06
octahedra are connected to one another by eight edges and form
double-stranded octahedral layers. The boron atoms in Mo2BC
linked in zigzag-shaped chains are arranged between the octahe-
dral layers. Each boron atom is located at the centre of a trigonal
prism, molybdenum atoms serving as the vertices of the prism.
This distribution of boron atoms is specific and typical of
transition metal monoborides. This gives grounds for regarding
the borocarbide M02BC as a derivative of p-MoB in which the
octahedral interstices of the molybdenum sublattice are occupied
by carbon atoms.

Figure 6. Crystal structure of M02BC (space group Cmcm).
(a) projection along the [100] axis (the wholly visible atoms are located at
height x = 0; the atoms that are partly seen are located at height x = \);
(b) the layer of the CM06 octahedra joined through their edges, parallel to
the (010) plane; in M02BC. these layers are joined in pairs in such a way
that each octahedron is linked to the neighbouring octahedra via its eight
edges.

At 1573 K, three borides Mo2B, MoB, and Mo2B5, molybde-
num carbide M02C, boron carbide B4C, and ternary compound
M02BC exist in the Mo —B —C system. The following equilibria
are established between these compounds: M02B —M02C,
M0B-M02C, M0B-M02BC, M o B - C , M02BC-M02C,
M02BC-C, M02B5-B4C, and Mo 2 B 5 -C. At 2073 K, the
M02B5 —C equilibrium disappears, since the boride M0B2 arises,
and the M0B2 —C equilibrium is established; in addition, carbide
M03C2 arises distinct from M02C; 1-2 at.% of boron dissolves in

both carbides. Boron stabilizes the high-temperature carbide
phases of molybdenum. The M0B2—C and MoB —C pseudobin-
ary cross-sections are eutectic systems.
The W - B - C system. This system contains only binary tungsten
carbides W2C and WC, tungsten borides W2B, WB, and W2B5,
and boron carbide B4C.47 Tungsten borides WB1269 and
WB4

49-50 have also been detected. The existence of the boride
WB4 is more probable. Six pseudobinary cross-sections, namely,
W2B-W2C, W 2 B-WC, W B - W C , W B - C , W2B5-C, and
W2B5 — B4C contain ordinary eutectics with temperatures 2640,
2560, 2600, 2630, 2550, and 2500 K, respectively.49 In all prob-
ability the WB4—B4C pseudobinary cross-section is also an
eutectic system.
The U-B—C system. The phase equilibria in this system have
been studied.63'64 It was originally believed that the U - B - C
system contains one ternary compound UBC (see Table 4) with an
extended homogeneity region, which exists at 1573 K in equilib-
rium with UC, UC2 , C, UB2 , and UB4. In addition, there are
UC-UB2, U B 4 - C , UB4-B4C, and UB12-B4C pseudobinary
equilibria. The ternary borocarbide UBC lies at the UC2-UB2
pseudobinary cross-section. The distribution of the carbon and
boron atoms in this orthorhombic phase is intermediate between
those in the tetragonal carbide UC2 and the hexagonal boride
UB2 .

In a more recent study of the U — B — C system, two other
ternary compounds UB2C and U5B2C7 have been detected, apart
from UBC (see Table 4). The isothermal cross-section through the
U - B - C system at 1873 K at an argon pressure of 1 x 105 Pa has
been constructed by Rogl et al.64 The phase equilibria at 1273,
1673, 1873, and 2073 K are virtually identical. The high-tempera-
ture modification of UB2C has a structure of the TI1B2C type and
has a narrow homogeneity region; with an increase in carbon
content the unit cell volume of U2BC somewhat decreases. At
temperatures below 1900K, the low-temperature modification of
UB2C is formed; its structure is unknown. The compound U5B2C7
probably has a tetragonal structure similar to that of LasB2C6.42

The temperatures of the congruent melting of UBC and UB2C are
2420 ± 25 K and 2550 ± 30 K, respectively. The borocarbide
UB2C exists in equilibrium with UBC, UB4 , and C, and U5B2C7

is in equilibrium with UBC, UC, and UC2.
The Mn—B—C system. Among the ternary systems formed by
boron and carbon with manganese, technetium, and rhenium,
only the Mn — B — C system has been studied fairly extensively. An
isothermal cross-section through the manganese-rich part of the
phase diagram of this system at 1073 K has been reported.65 At
1073 K the borocarbide formed on the dissolution of boron in the
cubic carbide Mn23C6 has the composition
(a- 1.064 nm), and at 1273K, its composition is
The dissolution of boron in the carbide Mn7C3 at 1273K yields
the Mn7BC2 ternary phase (see Table 4).65 '66 At 1273 K the boride
Mn4B exists in equilibrium with Mn23C3B3 and Mn7BC2, MnB is
in equilibrium with Mn7BC2 and C; two other equilibria, namely,
Mn3B4 —C and Mn3B4 —B4C, also exist in the system.71

The borocarbide Mn23C3B3 has a structure of the Cr23C« type,
which is also typical of the iron borocarbide Fe23B3C3, the cobalt
borocarbide C011B2C, and some other ternary compounds.

The unit cell of the carbide Cr23C6 and the borocarbides
Mn23C3B3 and Fe23B3C3 (space group Fmhrri) is a cube including 4
formula units, i.e. 92 metal atoms and 24 atoms of the nonmetals.
Each metal atom occupies a cube vertex and is surrounded by 12
metal atoms constituting a cubooctahedron. Similar cuboocta-
hedra formed by 12 metal atoms surround the centre of each face
of the cube. Eight metal atoms occupy the 8(c) and equivalent sites
and the remaining metal atoms are at the 32(/) sites and form
simple cubes surrounding the middle of each unit cell edge. Each
nonmetal atom in compounds with the Cr23C6 type of structure is
surrounded by eight metal atoms located at the vertices of a
tetragonal antiprism.
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Among ternary systems of boron and carbon with Group VIII
transition metal, only the Fe —B—C system has been studied in
detail. In the Co-B—C system, a ternary compound ConB2C
has been found (see Table 4).69

The Fe—B—C system. Iron forms a carbide Fe3C (cementite) and
borides Fe2B and FeB. Up to 80 at.% of the carbon in Fe3C can be
substituted by boron; carbon is markedly soluble in both borides.
Two ternary compounds Fe23C3B3 and Fe3(B,C) have been found
in this system (see Table 4). Boron introduced to the cementite
Fe3C can replace not only the carbon atoms, but also the iron
atoms, the boron atoms being predominantly distributed over the
crystallographic planes of cementite.68 The borocarbide Fe23CsB3
(the x-phase) having fairly extended homogeneity regions both for
boron and carbon has been studied most thoroughly. The
borocarbide Fe23C3B3 melts congruently. As the temperature
increases, the homogeneity region of the t-phase decreases, and
at 1240K, the x-phase decomposes to give the y-phase (austenite)
and Fe3(B,C).73

III. M—B—N ternary boronitride systems
The properties of the boronitride systems of transition metals are
largely similar to those of the borocarbide systems. For a long
time, no ternary compounds were found in the M — B — N systems;
however, since 1983, several boronitrides of lanthanides and also a
ternary compound in the Nb—B —N system were detected
(Table 5). The phase equilibria in the M —B—N ternary systems
have been analysed in a number of studies.80"83

Rogl et al.,74 who have studied ternary systems containing
lanthanides, boron, and nitrogen, have found a family of new
ternary lanthanum, cerium, praseodymium, and neodymium
boronitrides M3B2N4 with the orthorhombic structure of the
W2CoB2 type. In the M-B-N-systems (M = Sc, Y, Gd -• Lu),
the M3B2N4 ternary phases are not formed. The boronitride
Nd3B2N4 is unstable at temperatures above 1673 K. The struc-
ture of boronitrides M3B2N4 can be regarded as a variant of the
(W2Co)B2n4 filled structure. The boron atoms in this structure
are located in trigonal prisms consisting of six metal atoms and
form B — B pairs; in addition, each boron atom is bound to two
nitrogen atoms (Fig. 7). In turn, the nitrogen atoms of M3B2N4

N
• B

O M
Figure 7. Orthorhombic structure of the lanthanide boronitrides
M3B2N4 (M = La, Ce, Pr, Nd) of the (W2Co)B2n4 type (space group
Immm).14

occupy the 8(/) sites, which are vacant in (W2Co)B2D4- In other
words, the nitrogen atoms are located in the distorted octahedral
interstices and are surrounded by five metal atoms (the M atoms
are in the vertices of a rectangular pyramid) and by one boron
atom, i.e. NM5B groups are formed. There are no direct N —N
interactions in the structure of the boronitrides M3B2N4.

Ternary compounds MBN2 of the same type have been found
in the M - B - N systems (M = Pr, Nd, Sm, Gd) (see Table 5).
The boronitride GdBN2 is stable only at T > 1763 K.76 The
boronitride CeisBs^s has been detected in the Ce —B—N
system.75 Scandium, yttrium, and lanthanides from Tb to Lu do
not form compounds MBN2.81 In the M —B —N systems
(M = Tb -• Lu, Y), the boron nitride BN exists in equilibrium
with a metal nitride MN and with all the existing borides
beginning with MB4 and ending with MB66, and MN coexists
with borides MB2 and MB4; in the Sc —B—N system, there are
only two borides, SCB2 and ScBi2, existing in equilibrium with
BN; and ScN is in equilibrium with ScB and BN.63 The mutual
solubilities of boron nitride and lanthanide borides and nitrides
are extemely limited.81

Table 5. Some ternary compounds in boronitride systems of transition metals.

Compound

La3B2N4

Ce3B2N4

Cei5B8N25

Pr3B2N4

PrBN2

Nd3B2N4

NdBN2

NdBN2

SmBN2

SmBN2

GdBN2

Nb2BN
Nb2-.rV.vBN
Nb2-.vTa.rBN

a In the unit cell a

Symmetry and

type of structure

Orthorhombic, filled
structure of the W2C0B2 type

H

Trigonal
(rhombohedral)

Orthorhombic, filled
structure of the W2C0B2 type

Trigonal
(rhombohedral)

Orthorhombic, filled
structure of the W2C0B2 type

Trigonal
(rhombohedral)

Monoclinic
it

Trigonal
(rhombohedral)

tt

Orthorhombic

= 82.96°. b In the unit cell 0 = 99.32°.

Space group

Immm

Immm
Ric

Immm

mc

Immm

me

P2t/m or P2\/c
P2\jmOT P2\lc

me

me
Cmcm
Cmcm
Cmcm

c In the unit cell 0 = 99.84°.

Z

2

2
2

2

18

2

18

10
10
18

18
4
4
4

Unit cell parameters / nm

a

0.3634

0.3565
1.0946a

0.3540

1.2114

0.3520

-

0.6950
0.6897
—

-
0.3172
0.3172
0.3171

b

0.6414

0.6316
-

0.6310

-

0.6278

-

1.2077
1.1928
-

-
1.7841
1.7841
1.7846

c

1.0974

1.0713
-

1.0795

0.7013

1.0756

—

0.5856"
0.5783c

-

-
0.3114
0.3113
0.3114

Ref.

74

74
75

74

76

74

76

77
77
76

76
78,79
78
78
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The Ti—B—N system. Studies of the phase equilibria in ternary
systems containing Group IV transition metals, boron, and
nitrogen have shown that no ternary compounds are formed in
these systems. According to thermodynamic data,47 six pseudo-
binary equilibria are possible in the Ti — B — N system, namely,
TiN,. - Ti2B, TiN,. - TiB, TiN,. - TiB2, TiB2 - N, TiB2 - BN, and
Ti2Bs —BN. There are no reliable experimental data supporting
the existence of the borides Ti2B and Ti2Bs. The phase diagram
for the T i - B - N system has been constructed by Nowotny et
al.48 Four binary compounds, namely, TiB, TiB2, TiNv, and BN,
exist in this system; ternary compounds are absent. The titanium
nitride TiNv exists in equilibrium with the borides TiB and TiB2

and with BN. The lower boride TiB is in equilibrium with the solid
solution of nitrogen in oc-Ti and the higher boride TiB2 is in
equilibrium with BN. The solubility of boron in the titanium
nitride is low, but it is higher than that in the carbide TiCy. When
the composition of nitride TiN,. deviates from the stoichiometric
composition, the solubility of boron in it increases. The solubility
of nitrogen in titanium borides is negligibly small. The TiN,. — BN
equilibrium at a nitrogen pressure of 0.05 MPa exists only below
1900 K, and at T > 1900K, the boride TiB2 exists in equilibrium
with nitrogen.47

The Zr —B —N system. The phase equilibria in this system have
been investigated in a number of studies.47-54-84 Brewer and
Haraldsen47 suggested the existence of three zirconium borides,
ZrB, ZrB2, and ZrBi2, therefore, five possible pseudobinary
equilibria, ZrN,,-ZrB, Z rN , -Z rB 2 , Z rB 2 -N , ZrB 2 -BN, and
ZrBi2 — BN, were considered in the Zr — B — N system. ZrB2 is the
main boride phase of zirconium. In this system, four binary
equilibria exist: zirconium diboride exists in equilibrium with the
solid solution of nitrogen and boron in a-Zr and with the nitrides
ZrN,- and BN; and the nitride ZrN,. is in equilibrium with BN. The
latter equilibrium can exist at a pressure of nitrogen of 0.05 MPa
(0.5 atm) up to a temperature of 182OK; at T> 1820K, the
zirconium diboride ZrB2 exists in equilibrium with nitrogen.47

The solubility of boron in zirconium nitride ZrN,. is much higher
than that in TiN,., and it increases from 8 at.% to 25 at.% as the
composition of the zirconium nitride varies from ZrNi.oo to

ZrNo.55 •
The H f - B - N system. In the state diagram of the H f - B - N
ternary system, the borides HfB and HfB2 exist in an equilibrium
with the solid solution of nitrogen and boron in a-Hf. The
HfB2-HfN,., HfB 2-BN, and HfB 2 -N equilibria exist in this
system [the latter exists at a nitrogen pressure of more than
0.1 MPa (1 atm)].84 The solubility of boron in the nitride HfN,.
at the lower boundary of the homogeneity region reaches
40-50 at.%. The solubility of nitrogen in HfB and HfB2 is low,
but it is higher than that in the titanium and zirconium borides.
The V - B - N system. The phase equilibria in the V - B - N
ternary system have been studied by Spear et al.85 (Fig. 8a).
No ternary compounds exist in this system, but there are eight
binary compounds including five borides (V3B2, VB, V3B4, V2B3,
and VB2), two vanadium nitrides (V2NV and VN,), and one boron
nitride (BN). At a pressure of nitrogen of 0.1 MPa (1 atm), eight
pseudobinary equilibria are possible in the V —B —N system
depending on the temperature, namely, VB —BN, V3B2 —V2NV,
VB-V2N,., V B - V N , , V3B4-BN, V2B3-BN, VB2-BN, and
VN, - B N . The central three-phase VB + BN + VN,. field exists
a t r < 2010 K, the VB + BN + V3B4 field exists at T < 2180 K,
and the V3B4 + BN + V2B3 and V2B3 + BN + VB2 fields exist at
T < 2290 K.84 Boron is hardly soluble in vanadium nitrides, and
nitrogen is almost insoluble in vanadium borides.
The Nb —B —N system. The phase equilibria in this system have
been studied in a number of works.78-79-86 The Nb — B — N system
is the only one among the boronitride systems of Group V-VIII
transition metals in which ternary compounds have been found.
Rogl et al.79 have constructed an isothermal cross-section through
the Nb —B —N system at 1473 K and a pressure of argon of
1 x 105 Pa (Fig. 8Z>). The phase equilibria in this system involve
three ternary compounds, among which Nb2BN is formed most

V 3 B 2 V B / V 2 B } \
V3B4 VB2

/ NbBN

Nb3B2

NbB2

Nb3B4

Figure 8. Isothermal cross-sections through the M — B — N (M = V, Nb)
ternary systems at 1473 K.
(a) the V —B —N system at a nitrogen pressure of 1 x 105 Pa (dark areas
denote one-phase homogeneity regions);85 (b) the Nb — B — N system at an
argon pressure of 1 x 105 Pa [T = Nb2BN, <Pu is the designation for two
(or more) unknown ternary phases, observed in the BN + Nb2BN + NbB
region].79

easily (at 1473 K). The other two ternary compounds were
observed in the NbB —Nb2BN—BN region. The boronitride
Nb2BN exists in equilibrium with e-NbN, 8-NbN, y-Nb4N3,
BN, and NbB; besides, the niobium nitride |3-Nb2N coexists with
Nb3B2 and NbB; y-Nb4N3 coexists with the boride NbB, and
boron nitride is in equilibrium with e-NbN, Nb3B4, and NbB2.

The crystal structure of only one of the ternary compounds,
Nb2BNi _v, has been determined.78-79 This compound has a very
narrow homogeneity region and the orthorhombic structure of the
Mo2BC type (space group Cmcrn)?% The structure of the boroni-
tride Nb2BN is shown in Fig. 9. The boron atoms are located at
the centres of trigonal prisms formed by six niobium atoms, and

o B
• N

Figure 9. Crystal structure of Nb2BN (the M02BC type, space group
Cmcm).1*
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the seventh niobium atom is located at the centre of one of the
square faces of the prism. The nitrogen atoms in Nb2BN occupy
the octahedral interstices of the niobium sublattice. The boron
atoms are joined in zigzag-shaped chains parallel to the c axis; the
N —N and N—B bonds are missing. Similar compounds V2BN
and Ta2BN could not be obtained even by the thermobaric
treatment (pressure 65 x 108 Pa, temperature 1273 K). The bor-
onitride Nb2BN forms limited solid solutions with V and Ta,
Nb2-.vV.vBN (JC « 0.1) and Nb2-.vTa.vBN (x « 0.2). The substitu-
tion of niobium by vanadium or tantalum is accompanied by a
slight decrease in the unit cell volume.
The Ta—B —N system. In this system, boron is insoluble in
nitrides and nitrogen is insoluble in borides.86

The Cr — B—N system. The phase equilibria in ternary systems of
Group VI-VIII transition metals with boron and nitrogen have
not been adequately studied. The Cr — B — N system involves eight
pseudobinary equilibria:47 Cr 4 B-N, Cr 2 B-N, Cr 5B 3 -N,
C r B - N , Cr 3 B 4 -N, CrB 2 -N , CrB 2-BN, and Cr2B5-BN.
Three additional pseudobinary equilibria are possible at a
nitrogen pressure of 0.05 MPa. The CrN — BN equilibrium can
exist at temperatures below 1300K, Cr2N-BN exists from
1300K to 1500K, and the C r - B N equilibrium exists from
1500K to 2000 K. An experimental study has confirmed the
absence of ternary compounds in the Cr—B —N system and has
shown the existence of one more chromium nitride, Cr3N.87 Later
it was shown that at 1873 K and a nitrogen pressure of 0.1 MPa,
the Cr2B-Cr2N, Cr 2 B-N, Cr 5 B 3 -N, and Cr5B3-BN pseudo-
binary equilibria are observed in the Cr—B —N system.29

The W —B—N system. In this system, at a nitrogen pressure of
0.05 MPa, the tungsten borides W2B (at T > 1600K), WB, and
W2B5 exist in equilibrium with nitrogen; a W2B5 — BN pseudo-
binary equilibrium also exists.47 At the same nitrogen pressure, the
W 2 B-BN and W B - B N equilibria as well as the W - B N
equilibrium (at T< 1600K) are also possible. Only binary
compounds are formed in the W—B —N system.87 Boron is
virtually insoluble in tungsten nitrides, and nitrogen is virtually
insoluble in tungsten borides.

The Fe—B—N system. Studies of the phase equilibria in the
Fe — B — N-system87 '88 have shown the presence of binary
compounds Fe2B, FeB, Fe2N (Q, Fe3N (s), Fe4N (•/'), and BN.
Nitrogen is insoluble in iron borides, and boron is insoluble in iron
nitrides.

IV. Phase relationships in the Si-containing
M - B - Si, M - Si - C, and Me - Si - N systems
1. The common type of structures of ternary Si-containing
compounds
The ternary systems of transition metals with boron and silicon
are of interest as refractory materials resistant to the oxidation at
high temperatures. The similarity of the structures of silicides and
borides facilitates their mutual solubility and the formation of
ternary compounds. The phase equilibria in the M —B —Si
systems have been studied.89" 10°

An investigation of doping of high-melting silicides with
boron, carbon, nitrogen, and oxygen89 and some more recent
studies 90 " 92 have shown that in all the M — Si—X systems (M is a
transition metal, X = B, C, N, O) a number of ternary phases are
formed on the basis of the silicides MsSi3, namely, MsSi3X or
MsSi3X2 with hexagonal structure of the MnsSi3 type (X>8g)
and/or M5SiX2 [the Cr5B3 type (cx-Nb5Si3) (J2 — £8,)], and
M5Si2X [the W5Si3 type (|3-Nb5Si3) (7*, — £>8J].

The hexagonal filled structure of the MnsSi3 type (the D8&
structural type, space group P63/mc/n) (Fig. 10) is characteristic
of many transition metal silicoborides, carbosilicides, and silico-
nitrides MsSi3X as well as for aluminocarbides and aluminoni-
trides. It is likely to be the commonest structure of ternary
compounds in the M —X—X' systems being considered. Its unit
cell incorporates two MsSi3X formula units. The transition atom
metals M occupy the 4(d) and 6(g) sites in this structure.

• X
o M

Figure 10. Filled crystal structure of the Mii5Si3 (D&g) type of the ternary
compounds MsSi3X (space group P6}/mcm). Only the transition metal
atoms M at the (t(g) sites and the interstitial nonmetal atoms X at the 2{b)
sites forming the XM6 octahedra are shown. The XM6 octahedra are
linked to one another through two faces and form columns directed along
the [001] axis.

The silicon atoms also occupy the 6(g) sites, but with other
coordinates, and are located within distorted trigonal prisms
constituted by two metal atoms at the (d) sites and four metal
atoms at the (g) sites. The M atoms located at the 6(g) sites form
octahedra; the nonmetal atoms X (C, N, O) can be arranged inside
these octahedra at the 2(6) sites (see Fig. 10). Each XM6

octahedron is joined with two neighbouring octahedra through
its opposite faces; thus, parallel chains of octahedra are formed
along the c axis. An important characteristic feature of the phases
with the £>88 structure is the presence of a broad homogeneity
region, since the interstitial atoms can occupy not all the
octahedra, but only some of them.

The M5Si2X tetragonal phases of the W5Si3 type [P-Nb5Si3,
the DSm(T^) structural type] and M5SiX2 of the Cr5B3

type [a-Nb5Si3, the DS/ (T2) structural type] belong to
the same space group I4/mcm (Dy,) and have very similar
structures. Their unit cells incorporate 4 formula units each,
i.e. 20 metal atoms and 12 nonmetal atoms. A characteristic
feature of the structure of these phases is that the silicon atoms
at the 8(/i) sites are isolated and form the localised Si-Si pairs.
These phases may be regarded as resulting from the substitution
of silicon in the silicides MsSi3 by the X atoms.

It is of interest that the tetragonal silicides MsSi3 are very
sensitive to admixtures of the C, B, N, and O nonmetal atoms;
their introduction leads to the transition to ternary phases with the
MnsSi3 (D&s) type of structure. When this transformation takes
place, the X nonmetal atoms occupy the octahedral interstices of
the metal sublattice, whereas the displaced silicon atoms occupy
the points in the metal sublattice. In the tetragonal silicoborides
MsSi2B (T\), the boron atoms occupy the vacant positions in the
silicon sublattice, whereas the silicon atoms replace some of the
metal atoms in the metal sublattice.

Phases with the D8s structure are stabilised most effectively by
carbon and somewhat less effectively by boron, they are very
slightly stabilised by nitrogen and not at all by oxygen.

2. The ternary M — B — Si silicoboride systems
The ternary phases formed in the M — B — Si systems are presented
in Table 6. Typically, boron possesses substantial initial solubility
in all the MsSi3 phases with the £>8g, D8m, and Z)8/ structures.
The addition of boron to pure silicides leads to an expansion of the
Z>88 lattice caused by the intercalation of boron to the vacant
points of the silicon sublattice and to the compression of the T\
and T2 lattices due to the direct substitution of the silicon atoms by
boron.
The Ti — B—Si system. This system involves four titanium borides
TJ2B, TiB, TiB2, and Ti2Bs and three titanium silicides TisSi3,
TiSi, and TiSi2.8 No reliable experimental data on the tempera-
ture-dependent concentration ranges for the existence of
the borides Ti2B and Ti2Bs have been reported. In all probabil-
ity, the TiB-TiSi, TiB2-TiSi2 , and TiB2-Si (or Ti2B5-Si)
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Table 6. Some ternary compounds in silicoboride systems of Group
IV-VIII transition metals.89 ' 10°

Compound

Ti5Si3(B)
Zr5Si3(B)
Hf5Si3(B)

V5Si3Bo.45
V5SiB2

Nb5Si3B2

Ta5Si3B2

Cr5Si3B
Mo5SiB2

W5(Si,B)3
Mn5SiB2

Fe5SiB2

Fe3Sio.2Bo.8
Fe48Si2B
Co47Si2B
Ni6Si2B

Symmetry

Hexagonal
M

M

It

Tetragonal
Hexagonal
11

i t

Tetragonal
M

n
it

Orthorhombic
Tetragonal
i i

Hexagonal

Type of
structure a

D88

Z>88

D88

£8 8

DUTi)
O88

£>88

Z>88

DZ,(T2)

DS,(T2)
O8,(r2)
DOu
Dim(Ti)
Dim(T,)
C22

Unit cell
parameters/nm

a b

— —

0.7788 -
0.789 -
0.718 -
0.581 -
0.754 -
0.747 -
0.706 -
0.601
0.6047 -
0.561 -
0.554 -
0.446 0.536
0.882 -
0.862 -
0.6105 -

c

—

0.5558
0.556
0.489
1.079
0.525
0.523
0.473
1.103
1.009
1.044
1.032
0.666
0.434
0.425
0.2895

a Z>88 is a filled structure of the MnsSi3 type (space group Pdijmcm),
Z = 2; £>8f(r2) is a structure of the Cr5B3-a-NbsSi3 type (space group
lAjmcm), Z = 4; DO ii is a structure of the Fe3C type (space group Pnma),
Z = 4; D&m(T]) is a structure of the W5Si3 - P-NbsSb type (space group
/4/mcm), Z = 4; C22 is a structure of the Fe2P type (space group P62m),
Z=3.

pseudobinary equilibria exist in the Ti — B — Si system. The
existence of the ternary hexagonal silicoboride Ti5Si3B formed
from TisSi3 via the substitution of a minor portion (~ 1 - 2 at.%)
of the silicon atoms by the boron atoms is also quite probable.
The Z r - B - S i system. The state diagram of the Z r - B - S i
ternary system (Fig. 11) shows eight binary zirconium com-
pounds.93 They include three borides ZrB, ZrB2, and ZrBn and
five silicides Zr2Si, Zr5Si3 (Zr3S2), Zr4Si3, ZrSi, and ZrSi2.
The existence of the boride ZrB at 1623 K is doubtful, because
it is stable only within a narrow temperature range and decom-
poses already at 1500K. In addition, the silicon borides SiB3,
SiB4, and SiB6 are not shown in the diagram. In the zirconium
diboride ZrB2 up to 20 at.% of boron can be substituted by
silicon, i.e. a limited solid solution of ZrSi2 in ZrB2, namely
Zr(B,Si)2, is formed. An important characteristic feature of the
Zr—B — Si system is the presence of the ternary hexagonal
compound ZrsSi3(B) containing from 5 to 8 at.% of boron. The
phase diagram of this system (see Fig. 11) exhibits
ten pseudobinary equilibria, namely, Zr(B,Si)2—Zr, Zr(B,Si)2-

Zr
Zr2Si ZrSi\ ZrSi2

ZrSi + ZrB2 + ZrSi2

Figure 11. Isothermal cross-section through the Zr — B — Si system at
1623 K (dark areas denote one-phase homogeneity regions).93

ZrSi, Zr(B,Si)2-Zr5Si3(B), Zr(B,Si)2-ZrSi2, Zr(B,Si)2-Si,
Zr5Si3(B)-Zr, Zr5Si3(B)-Zr2Si, Zr5Si3(B)-Zr3Si2, Zr5Si3(B)-
Zr4Si3, and ZrsSi3(B)-ZrSi. In all probability, three more
pseudobinary equilibria of Z(B,Si)2 with the silicon borides SiB3,
S1B4, and SiB6 also exist.
The Hf—B—Si system. This system includes the borides HfB and
HfB2, the silicides HfsSi3, HfSi, and HfSi2, and compound
HfsSi3(B) with a minor (2-3 at.%) content of boron, which
substitutes silicon.8

The V - B - S i system. The V - B - S i ternary system has been
studied.90'91 Kudielka et al.90 suggested a scheme for the
triangulation of the V angle (V—VB —VSi) of the state diagram
of the V — B — Si system, which incorporates two ternary com-
pounds, namely, VsSi3Bo.45 with a hexagonal lattice and V5SiB2

(the T2 type) with a tetragonal lattice (see Table 6). The former of
these compounds crystallises with the D8& structural type and is
formed via partial substitution of the silicon atoms in the silicide
VsSi3 by boron atoms. Six pseudobinary equilibria exist in the
system, namely, V2B-V5SiB2, VB-V5SiB2, V3Si-V5SiB2,
V5Si3Bo.45-V5SiB2, V3Si-V5Si3Bo.45, and V5Si-V5Si3Bo.45.
One may expect that six more pseudobinary equilibria,
VB-V5Si3B0.45, VSi2-V5Si3Bo.45, VB-VSi2 , V3B4-VSi2,
VB2-VSi2, and VB2-Si, will be found.

The N b - B - S i system. The state diagram of the N b - B - S i
system has been studied rather comprehensively.92 This system
incorporates ten binary compounds (the niobium borides Nb3B2,
NbB, Nb3B4, and NbB2, the niobium silicides Nb4Si, Nb5Si3, and
NbSi2, and the silicon borides SiB3, SiB4, and S1B6) and two
ternary compounds based on NbsSi3, namely, NbsSi3B with the
Z)88 structure and NbsSiB2 with the Z)8/ structure. Both ternary
compounds have fairly extended homogeneity regions, and the
nonmetal sublattice of these silicoborides can contain a substan-
tial number of vacancies, apart from the boron and silicon atoms.
The boride NbB2 which has a homogeneity region can dissolve up
to 2 at.% of silicon.
The Ta — B—Si system. The phase diagram of state of the
Ta —B —Si ternary system has been studied.90-94 It is very similar
to the state diagram of the Nb — B — Si system, but differs from it
by the greater numbers of binary compounds (twelve) and ternary
compounds (three). Two ternary phases (of the D8s and T2 types)
are based on the silicide TasSi3 and the third one is based on Ta2Si.
The Cr — B — Si system. This system contains six chromium
borides, four chromium silicides, and two ternary phases with
the DSs and T\ structures; the phase with the T2 structure is a
limited solid solution of silicon in the boride CrsB3.95 The CrsSi3B
ternary phase (the D&g type) (see Table 6) has virtually no
homogeneity region.
The Mo—B—Si system. The phase equilibria in this system
(Fig. 12a) have been studied in a number of works.9196-97 The
state diagram of the Mo —B —Si system is simpler than the
analogous diagram for the system containing chromium, since it
incorporates a smaller number of binary compounds. There are
two ternary phases with structures of the T\ and T2 types, but the
ternary phase with the D8& type of structure is missing. It has been
shown that silicon is insoluble in the molybdenum borides Mo2B,
MoB, M02B5, and boron does not dissolve in MoSi2.97

The W —B —Si system. Two ternary phases exist in this system:
W,oSi3B3 [W5(Si,B)3] with the T2 type of structure and W5Si2B
with the T{ type of structure (Fig. 12Z>).91

The Mn —B—Si system. In the Mn —B —Si system, the ternary
compound MnsSiB2 with the tetragonal structure of the Tr type
(see Table 6) existing in an equilibrium with the hexagonal silicide
MnsSi3 has been found.99

The Fe —B —Si system. The phase equilibria in this system have
been studied in detail in the Fe-angle of the state diagram.98-99

Four ternary phases were discovered, namely, FesSiB2 with the
structure of the T2 type and with a small homogeneity region
formed on the B «-» Si mutual substitution; Fe4.sSi2B with the T\
type of structure; Fe3(Si,B) (with the composition Fe3Sio.2Bo.s)
with the cementite Fe3C structure and with a small homogeneity
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Mo2B5

(M0B2)

MoB

Mo2B

WSi2 -»Si

Figure 12. Isothermal cross-sections through the Mo —B —Si system at
1873 K (a) and through the W - B - S i system at 2073 K (b); dark areas
denote one-phase homogeneity regions.91

Fe2B

FeB FeSi

Figure 13. State diagram and isothermal cross-section for the Fe — B — Si
system at 1273 K; dark spots denote one-phase regions, two-phase regions
are cross-hatched).99

(a) a cross-section in the silicoboride region with iron contents ranging
from 50 to 70 at.%; (b) the contours of the state diagram for the whole
Fe — B — Si ternary system.

region; and Fe2(Si,B) (with the composition Fe2Sio.4Bo.6X the
structure of which is unknown (Fig. 13). It was found that a
minor amount of boron can be dissolved in FesSi3. The other
binary iron borides and silicides are absolutely insoluble in one
another.
The Co — B — Si system. Only one ternary phase Co4.7Si2B with the
T, type of structure and a small homogeneity region is formed in
this system. It exists in an equilibrium with the cobalt borides CoB
and C02B and with the cobalt silicides CoSi and Co2Si; in
addition, there are the CoB — CoSi and C02B—Co2Si pseudobin-
ary equilibria.98

The Ni —B —Si system. The ternary compound Ni6Si2B with a
hexagonal structure of the C22 type, isomorphous to the
phosphides Mn2P, Fe2P, and Ni2P, has been found in this system
(see Table 6).

3. The M — Si—C ternary carbosilicide systems
The atomic radius of carbon is small (~ 0.077 nm); therefore,
carbon always acts as the interstitial element in compounds with
transition metals and is located in the interstices of the metal
sublattice. Silicon, which is an analogue of carbon in the Periodic
System, has a substantially larger atomic radius, equal to
~0.117nm. In compounds with Group IV and V transition
metals, the atoms of which are fairly large, silicon can act as an
interstitial element; silicides of other transition metals occupy an
intermediate position between interstitial compounds and inter-
metallic compounds. Thus, silicon can enter into the metal lattice
either as an interstitial element or as a substituting element. The
same dual behaviour of silicon is exhibited in transition metal
carbosilicides.

The ternary hexagonal phases of the MsSi3(C) type, similar to
the MsSi3(B) silicoboride ternary phases with the filled structure
of the MnsSia type (D8s) are characteristic of the majority of the
M —Si —C systems. The main ternary carbosilicide phases are

Table 7. Some ternary compounds in carbosilicide systems of Group
IV-VIII transition metals.

Compound

Ti5Si3Cv

Ti3SiC2
a

Zr5Si3C*
V5S13C.,

Nb5Si3C.T

Ta4.sSi3Co.5
Cr5_.vSi3_vCv

(0.25 < x <
Mo5_.vSi3-vC

Mo4.8Si3Co.6
MosSi3C
W5-.vSi3-,.Rb

U3Si2C3
c

U20Sii6C3
c

U3Si2Cv
c

Mn5Si3C,
Mn8Si2C
Mn5SiC

Unit cell parameters / nm

a b

_ _

0.3064-0.3068 -
0.7914-0.7909 -
0.7135
0.7536
0.7494

+ v 0.6993
Cv 0.6980-0.6983 -
1.05)
,+y 0.7285

0.7286
0.7303
0.7205
0.3598 0.3535
1.0385
0.7306
0.6915
_ —
_ _

c

1.7646-1.7669
0.5559-0.5579
0.4842
0.5249
0.5242
0.4726
0.4726-0.4737

0.5030
0.5046
0.5057
0.4850
1.896
0.8013
0.3901-0.3942
0.4823
—
_

Ref.

89,
101-103
104-106
89, 107
107
107
108
109
110

109
111
112
109
113,114
113,115
116
117
117
117

Note. All the ternary compounds listed in the Table, except for Mn8Si2C
and Mn5SiC (the structures of which are unknown), Ti3SiC2, and uranium
ternary phases, have hexagonal filled structure of the Mn5Si3 (08s) type
with space group P6}/mcm, Z = 2. a This compound crystallises with a
hexagonal structure and with space group P6i/mmc, Z = 2.
b R = (C,N,O)., + , . c U3Si2C3 has the orthorhombic symmetry, Z = 2;
U2oSii6Si3 crystallises with the hexagonal symmetry, Z = 1; U3Si2Cv is a
tetragonal (space group P4/mbm) solid solution of carbon in U3Si2,
Z = 2.
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listed in Table 7. The phase diagrams for a number of M - Si - C
ternary systems have been surveyed.101 ~l03

a. Carbosilicides of Group I V - V I transition metals
The Ti —Si —C system. The kinetics and thermodynamics of the
reactions of titanium silicides with carbon were studied for the
first time by Kudielka et al.90 They found that the titanium
carbide TiQ. exists in equilibrium with the silicon carbide SiC
and the titanium silicides TisSi3, TiSi, and TiSi2, whereas SiC is in
equilibrium with TiSi2. It has been shown89 that the addition of
carbon stabilizes the TisSia hexagonal phase and leads to the
formation of a ternary phase TisSijC*, which contains101 up to
11 at.% of carbon. The TisSisC phase belongs to the group of
ternary silicoborides and carbosilicides MsSisX with the hexago-
nal structure of the D&s type. The Ti — Si — C system includes one
more ternary compound, Ti3SiC2, with a hexagonal structure
(space group P6^jmmc) (Fig. 14). 101-103 j n t m s compound, the
carbon atoms occupy the octahedral vacancies in the octahedra
formed by the titanium atoms. Each CTi6 octahedron is joined to
the neighbouring octahedra through its nine edges in such a way
that one octahedral layer is superimposed onto another (see
Fig. 146). A half of all the titanium atoms are located in the
middle of the double octahedral layer and each of these atoms is
shared by six octahedra. The remaining titanium atoms are
located on the upper and lower surfaces of the double octahedral
layer, and each of them is shared by three neighbouring octahedra.
The chemical formula of the double octahedral layer is Ti3C2. The
octahedral layers contain open and closed tetragonal interstices,
the open tetragonal vacancies of one double octahedral layer
being located over the same vacancies of another double octahe-
dral layer. The silicon atoms are arranged halfway between the
centres of the tetrahedral vacancies of the neighbouring double
octahedral layers and also constitute a layer.

® Ti
O Si
• C

Figure 14. Crystal structure of the titanium carbosilicide TiaSiC2.
(a) unit cell (space group Pbilmmc) with distinct CTi6 octahedra; (b) the
double layer of the CTi6 octahedra joined via nine edges; the silicon atoms
are arranged over the centres of the open tetrahedral vacancies.

The carbosilicide Ti3SiC2 exists in equilibrium with the
carbides TiC,. and SiC, with the disilicide TiSi2, and with the
TisSisC ternary phase. The phase equilibria in the Ti —Si —C
system at 1373 K and 1523 K have been studied.118''19 The ternary
compounds and multiphase materials present in the Ti —Si —C
system have been investigated by Auger spectroscopy.120 The
isothermal cross-sections through the Ti —Si —C system at
1473K121 and 1523K118-119 are very similar. At a lower
temperature of 1373K, titanium silicide T\T,SI appears. It exists

in equilibrium with TisSisC and with the solid solution of Si and C
in P-Ti.

A schematic phase diagram for the Ti — Si — C system, which
does not take into account the actual existing ternary phases has
been reported.122

The compatibility of phases in the Ti — Si — C system at
1473 -1773 K has been studied under the conditions of confining
compression at a pressure of (1 -2) x 108 Pa.123 At high pres-
sures, the titanium silicide T\->S>\ becomes stable and dissolves up to
9 at.% of carbon (without external pressure, Ti3Si decomposes at
the same temperatures to give TiCy, TisSi3, and a solid solution of
silicon and carbon in titanium). It is of interest that at high
pressures carbon is insoluble in the silicide TisSi3, although under
ambient conditions the solubility of carbon in this compound
reaches 11 at.%.
The Zr —Si —C system. The first scheme for the triangulation of
the phase diagram for the Zr—Si —C ternary system has been
suggested by Brewer and Krikorian.108 According to the data
obtained by Nowotny et al.,89 the silicide ZrsSi3 dissolves a
substantial amount of carbon to give the ZrsSisQv ternary phase.
The Zr—Si — C system incorporates seven binary compounds
(the carbides ZrCy and SiC and the silicides Zr2Si,

i2), ZrsSi,), ZrSi, and ZrSi2) and one ternary phase
*. The silicon carbide exists in equilibrium with ZrC,.,

ZrSi2, and ZrSi, whereas the zirconium carbide ZrCv is in
equilibrium with SiC, ZrSi, Zr2Si, and Zr5Si3C^.101 Pseudobinary
equilibria connect the ternary phase also to the silicides Zr2Si,
Zr5Si3(Zr3Si2), ZrsSi4, and ZrSi. The isothermal cross-section at
1573 K through the Zr - Si - C ternary system has been studied.124

The Hf— Si — C system. According to a number of studies, 101~103

the phase diagrams for this system and for the system discussed
above are similar. The existing differences are due to the fact that
the hafnium carbide HfC,, is in equilibrium with HfSi2; therefore,
the SiC — HfSi pseudobinary equilibrium is missing. Taking into
account the data on the stabilisation by carbon of hexagonal
phases with the MnsSi3 type of structure (Z>88) and also the
similarity of the phase diagrams for Hf—Si —C and Zr — Si — C,
one may assume that the Hf- Si — C system contains a HfsSisC v

ternary phase.

The V - S i - C system. In the V - C , N b - C , and T a - C binary
systems, rhombohedral ^-phases of the composition M4C3 are
formed in narrow concentration and temperature intervals
(1200K < T< 1800K).125126 The carbides ^-M4C3 cannot be
isolated as individual phases, therefore equilibria involving these
compounds are not discussed in the ternary carbosilicide systems
of vanadium, niobium, and tantalum. Vanadium forms three
silicides, namely, V3Si, VsSi3, and VSi2. The dissolution of up to
10 at.% of carbon in VsSi3 leads to the formation of the VsSisC^
ternary phase.101'107 It exists in an equilibrium with the carbides
SiC and WCy and with the silicides VsSi3 and VSi2. In addition,
five pseudobinary equilibria, SiV - VS2, SiV - VC,,, VC, - V5Si3,
V2Cy - V5Si3, and V2CV - V3Si, exist in the V - Si - C system. The
phase diagrams for the V-Si —C ternary system have been
reported.122-127

The Nb —Si —C system. In this system, the carbide NbC, is in
equilibrium with two silicides NbSi2 and NbsSi3, with the silicon
carbide SiC,101'108 and with the Nb5Si3Cv ternary phase.107 The
quantity of carbon dissolved in the NbsSisQv phase is likely to be
less than that dissolved in the analogous V5Si3C.x phase. The
Nb5Si3CT ternary phase is in equilibrium with NbC,. and with the
niobium silicides NbSi2 and NbsSi3, whereas the carbides SiC and
Nb2Cy are in equilibrium with NbSi2 and NbsSi3, respectively.
The phase diagram for the Nb-Si —C ternary system has been
reported by Brukl.121

The Ta —Si —C system. The phase equilibria in this system have
been studied repeatedly.89' 101,108,127 j n e isothermal cross-sec-
tions through the phase diagram of the Ta —Si —C system at
1273 K,127 1823 K,89 and 1873 K89 are virtually identical. All the
workers noted that the TasSi3C.x (Ta^gSisCo.s) ternary phase with
the hexagonal structure of the MnsSi3 type (D8g) exists in this
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system.108 This phase is isomorphous to the hexagonal silicide
TasSi3 stabilised by carbon (the pure silicide Ta5Si3 has a
tetragonal structure) and forms a continuous series of solid
solutions with it. The TasSi3Cx phase is in an equilibrium with
the carbides TaC,, and iniCy and with the silicides Ta2Si, TasSi3,
and TaSi2- The system also includes five pseudobinary equilibria:
SiC-TaSi2 , S iC-TaC y , TaC y-TaSi 2 , Ta2C r-Ta2Si, and
Ta2C^,-Ta3Si.
The Cr - Si - C system. At 1673 K, eight binary compounds (SiC,
Cr3C2, Cr7C3> Cr23C6, CrSi2, CrSi, Cr5Si3, and Cr3Si),U0 the
CrsSi3Cx ternary phase having a homogeneity region,109'110 a
solid solution of silicon in chromium Cr(Si), and a substitution
solid solution based on the silicide Cr3Si exist in this system. The
CrsSi3Cx ternary phase has the hexagonal structure of the D&$
type and exists in an equilibrium with silicon carbide SiC,
chromium carbides Cr3C2 and Cr7C3, chromium silicides CrSi
and CrsSi3, and the substitution solid solution based on Cr3Si.
The solid solution based on Cr3Si exists in equilibrium with the
carbides Cr7C3 and Cr23C6 and with the solid solution of silicon in
chromium Cr(Si). In addition, there are four equilibria, namely,
SiC-CrSi2 , SiC-CrSi, SiC-Cr 3C 2 , and Cr23C6-Cr(Si). The
diagram of the phase equilibria in the Cr—Si — C system has been
reported.122

Parthe et al.109 believed that the Cr5Si3Cx ternary phase results
from the substitution of chromium and silicon atoms by carbon.
However, later it was shown n o that the unit cell parameters and
the unit cell volume of the Crs±o.2Si3±o.iCx ternary phase
(0.25 < x < 1.05) increase with an increase in x. This means that
the carbon atoms do not replace Cr or Si atoms, as was believed
previously,109 but are located in the vacant octahedral interstices
of the structure of the D%% type of this compound. Evidence that
the carbon atoms fill the octahedral interstices of the metallic
sublattice of the MsSi3C.v phases with the D9>& type of structure has
also been obtained in another study.'' '
The Mo — Si — C system. The first variant of the phase diagram for
the Mo — Si — C ternary system has been suggested by Brewer and
Krikorian.108 This diagram reflects fairly adequately all the
characteristic features of this system including the existence of a
stable ternary hexagonal compound with an extended homoge-
neity region and a temperature of congruent melting of ~ 2340 K.
The composition Mo4$>i3C has been suggested for this compound.
This ternary compound exists in equilibrium with carbon, with the
carbides SiC, MoC;. (Mo3C2), and Mo2C, and with the silicides
MoSi2 and Mo5Si3 (Mo3Si2); SiC is in equilibrium with MoSi2,
and M02C is in equilibrium with M05S13 (Mo3C2) and Mo3Si.128

It has been shown 112 that the ternary molybdenum carbosili-
cide has the stoichiometric composition MosSi3C and belongs to
the M5Si3X type of ternary hexagonal phases common for the
M — Si — X systems (X = B, C, N); the homogeneity region of
Mo5Si3C is much narrower than has been found by Nowotny
et al.128 The isothermal cross-section through the Mo —Si —C
system at 1473 K has been reported.112 According to this study, at
1473 K, the silicon carbide SiC exists in equilibrium with MosSi3,
and the MoSi2 — Mo5Si3Cx pseudobinary equilibrium is absent.

The reason for the discrepancies between the results obtained
by Van Loo et al.112 and Nowotny et al.128 concerning these
pseudobinary equilibria can be elucidated by additional investiga-
tions of the phase relationships in the Mo —Si —C system. The
isothermal cross-section through the Mo — Si — C system at
1873 K128 virtually coincides with the cross-section at 1673 K
reported by Spear et al.85

It has been suggested109 that the carbon atoms in the ternary
molybdenum carbosilicide Mo5_xSi3_yCx + y substitute the
molybdenum and silicon atoms; however, it has been shown in
another study' ' : that such a substitution does not occur, and the
carbon atoms are located in the octahedral interstices formed by
the molybdenum atoms.
The W —Si —C system. In this system, no ternary compounds
exist;108 however, when a minor amount of nitrogen or oxygen is
present, a quasi-ternary hexagonal phase W5_xSi3_>,(C,N,O)x + y

arises.109 In the absence of nitrogen or oxygen admixtures, the
pseudobinary equilibria existing in the W —Si —C system at
2073 K involve only binary compounds: SiC—WSi2,
SiC-W5Si3, SiC-WC, WC-W 5Si 3 , and W2C-W5Si3.49

The conclusion reached by Parthe et al.109 that the tungsten and
silicon atoms in the ternary phase have been substituted by
interstitial atoms (C, N, O) was erroneous, since the carbon and
nitrogen atoms in the compounds MsSi3X with the D88 structure
behave as interstitial elements and are arranged in octahedral
interstices formed by the metal atoms.n ° - ' n

The U —Si—C system. The phase equilibria in this system at
1000-1773K under an argon atmosphere have been investi-
gated.113 Two ternary compounds U3Si2C3 and U2oSiigC3 with
orthorhombic and hexagonal crystal lattices, respectively, have
been found in the U - Si - C system (see Table 7). '1 4- ' '5 It has also
been shown'13 ' ' I6 that the silicide U3Si2 dissolves up to 4 at.% of
carbon thus forming the U3Si2Cx interstitial solid solution. At
HOOK (Fig. 15) the ternary compound U3Si2C3 exists in the
U — Si — C system in equilibrium with UC, SiC, and U3Si5; SiC is
in equilibrium with U2C3, UC, U3Si5, USi2, and USi3; UC
coexists with U3Si, U3Si2Cx, U2oSii6C3, and U3Sis; the carbosi-
licide U2oSii6C3 coexists with U3Si2Cx, USi, and U3Si5; and U3Si
exists in equilibrium with U3Si2Cx.

SiC

USi3 U 3 S i 5 \

USi2 U3Si2

Figure 15. Isothermal cross-section through the U —Si —C system at
HOOK (the dark area denotes the homogeneity region of the
solid solution)."3

Later the phase equilibria in the alloys with large proportions
of uranium have been studied at 1023-1223 K.116 At tempera-
tures below 1090K, the phase equilibria in the U - U C - U S i
region were the same as those in the diagram shown in Fig. 15. At
1100-1150K, the UC —U3Si pseudobinary equilibrium disap-
pears and the U —U3Si2Cx equilibrium appears instead and, at
temperatures above 1200K, the silicide U3Si and the
U3Si-U3Si2Cx equilibrium do not exist.116-129 According to the
data obtained by Guinet et al.,116 the solubility of carbon in U3Si2

reaches 4 at.%. On the dissolution of carbon, the c parameter of
the unit cell of U3Si2 increases by 0.0042 nm thus becoming equal
to 0.3942 nm. The maximum solubility of carbon in the U3Si
silicide at 1083 K is 0.15 at.%. 13°

b. Carbosilicides of Group VII and VIII transition metals
The Mn—Si —C system. The phase diagram for this system
(Fig. 16a), in addition to eight binary compounds, contains the
Mn5Si3Cx ternary phase (a solid solution of carbon in MnsSi3),
Mn8Si2C, and MnsSiC.101"103 Silicon carbide exists in equilib-
rium with the silicides MnisSi26 and MnSi, with the MnsSi3Cx and
MngSi2C ternary phases, and perhaps with MnsSiC. The unit cell
parameters of the MnsSi3Cx ternary phase are larger than the
corresponding unit cell parameters of MnsSi3;107 this implies that
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the carbon atoms are located in the octahedral interstices formed
by the manganese atoms. The Mn5Si3C.v hexagonal phase with a
structure of the Z)8g type is in equilibrium with MnSi, MnsSi3,
MnjSi, Mn9Si2, and MngSi2C; and the MnsSi2C phase coexists
with Mn9Si2. The pseudobinary equilibria involving the MnjSiC
ternary phase are given hypothetically. The scheme of phase
equilibria in the Mn —Si—C system have been reported by
Lyakishevet al.122

The Re—Si —C system. This system contains no ternary
phases.101"103-131 The scheme of triangulation of the phase
diagram of the Re —Si —C system at 1873 K suggested by Searcy
and Finnie131 involves four pseudobinary equilibria of the silicon
carbide SiC with rhenium and three rhenium silicides. Figure 16*
presents the isothermal cross-section through this system at
1273 K constructed using published data;101"103 rhenium sili-
cides are in equilibrium with carbon, and SiC coexists with ReSi2.

Jeitschko et al.,117 who have studied the phase equilibria in the
M — Ga — C and M — Ge — C systems, also have paid attention to
the M - S i - C systems (M = Mn, Re, Fe). In the R e - S i - C
system they discovered a ternary phase containing 45 at.% Re,
40 at.% Si, and 15 at.% C; the structure of this phase was not
determined. There is no other evidence in support of the existence
of a ternary phase in this system.

The Fe — Si — C system. The phase relationships in the Fe — Si — C
system have been considered in many studies, because they are
related to the problems of the production of cast iron, steel,
various iron-based alloys, and refractory materials. The equilib-
rium and nonequilibrium phase transformations in the Fe —C
system become substantially more complicated on the addition of
silicon, since the silicon atom is much larger than the carbon atom.

When silicon substitutes iron, the ferrite solid solution is
stabilised and the y-region (solid solution of C and Si in Fe)
narrows. At the same time this substitution promotes decomposi-
tion and graphitisation of the cementite Fe3C. In all probability,
the Fe —Si —C system contains no stable ternary phase. The
information concerning ternary iron carbosilicides (for example,
a ternary phase of an Unknown composition of the type of the
Nowotny phase with the Z>8s structure has been observed in this
system;117 and the carbosilicide FeioSi2C3 containing about
9 mass % of silicon has been mentioned in a monograph 8) refers
most probably to a metastable phase. It is even possible that there
are several metastable phases in which silicon substitutes either
iron [(Fe,Si)3C] or carbon [Fe3(C,Si)J. The formation of a ternary
metastable phase based on austenite also cannot be ruled out.

No stable ternary phases have also been found in the recent
studies of the phase diagram of the F e - S i - C ternary system at
1123 K132 and 1243 K.101 -103 At temperatures below 1100 K (the
temperature of the decomposition of the FesSi3 high-temperature
phase) silicon carbide exists in equilibrium with the silicides FeSi2,
FeSi, and Fe3Si. Above this temperature the equilibrium silicide
FesSi3 with a hexagonal structure of the D8$ type appears in this
system, and silicon carbide is in equilibrium with the disilicide
FeSi2+.r having a homogeneity region and with the silicides FeSi
and FesSis [according to a study by Schuster,101 instead of the
SiC-FeSi2+.r equilibrium, two equilibria exist, SiC —Fe2Sis and
SiC — FeSi2(h)]. The silicides FesSi3 and Fe3Si as well as ot-Fe and
y-Fe are in equilibrium with carbon. The isothermal cross-section
through the Fe — Si — C system at 1243 K is presented in Fig. 16c.
The scheme of the main phase equilibria in this system have been
reported by Lyakishev et al.122

MnSi

-». Mn(at.%)

Si 20 ReSi2 Rei7Si9

— » Re (at.%)

Re Si 20

FeSi2(h)
(Fe5Si2)

FeSi \ Fe3Si a-Fe
\ Fe5Si3

FeSi2(r)

—•• Fe(at.%)

Si 20 CoSi2 CoSi Co2Si \ Co

—»• Co (at.%) E ' a -C o

Figure 16. Isothermal cross-section through the M —Si —C ternary sys-
tems of Group VII and VIII transition metals.
(a) the Mn - Si - C system at 1273 K;
(b) the Re - Si - C system at 1273 K;
(c) the Fe - Si - C system at 1243 K [FeSi2( h), FeSi2<r) are hexagonal and
orthorhombic phases; the dark area denotes the homogeneity region of the
Y-Fe(Si.C) solid solution];
(d) is the Co - Si - C system at 1273 K.
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Figure 17. State diagrams for platinum group metal-silicon-carbon ternary systems, dark areas denote the regions of the existence of a liquid
phase.103-131

Two metastable cubic phases of an unknown composition
have been discovered in the Fe —Si—C system under the condi-
tions of rapid cooling; the unit cell of one of these phases belongs
to the P4\32 or /M332 space group and has the period
a = 0.63 nm, and the second metastable phase has a body-
centred cubic (Bcc) lattice with the period a = 0.89 nm.133

The Co—Si —C system. There are hardly any stable ternary
phases in the Co — Si — C system. The silicon carbide SiC is in an
equilibrium with the silicides CoSi2 and CoSi, whereas carbon
coexists with CoSi, Co2Si, and with the extended solid solution of
silicon in cobalt (Fig. 16fif).10'-103

The N i - S i - C system. The phase diagram for the N i - S i - C
system has been studied and constructed at 1123K132 and
1423 K.134 No ternary compounds were found. At 1123K, the
silicon carbide SiC is in equilibrium with four silicides: NiSi2,
NiSi, Ni3Si2, and Ni2Si, whereas Ni2Si, Ni5Si2 (Ni31Sii2), Ni3Si,
and the solid solution of silicon and carbon in nickel Ni(Si,C) are
in equilibrium with carbon. At 1423 K the S iC-Ni 2 Si -C three-
phase region is still retained. At higher temperatures the silicides
NisSi2 and Ni3Si no longer exist, and Ni2Si coexists directly with
the Ni(Si,C) solid solution and also with carbon and SiC.

On rapid cooling, the Ni67.5Sin.5C15 nonequilibrium ordered
Bcc phase with the period a = 0.2744 nm containing 4 at.% of
carbon and 15-21 at.% of silicon is formed in the Ni —Si —C
system.135

(Ru,Rh,Pd,Os,Ir,Pt)-Si-C systems. The phase equilibria in the
M - Si - C systems (M = Ru, Rh, Pd, Os, Ir, Pt) have been studied
by Searcy and Finnie131 and have been refined later by
Schuster103 (Fig. 17). The platinum-group metals do not form
carbides, and no stable ternary compounds of these meals with
silicon and carbon exist; thus, only equilibria between carbon and
silicon carbide on the one hand, and platinum metal silicides on
the other hand, are possible in the (Ru, Rh, Pd, Os, Ir, Pt) - Si - C
systems.

The SiC —MSi —C three-phase regions exist at 1613 K in the
Ru - Si - C system, at 1443 K in the Rh - Si - C system, at 1100 K
in the Pd - Si - C system, and at 1613 K in the Ir - Si - C system.
The silicides with the highest proportions of silicon are in
equilibrium with SiC, and the silicides with high proportions of
metal coexist with carbon. In the Rh — Si — C system, the Rh2SiC
unstable ternary phase can be formed in the temperature range
1770 -1870 K, whereas in the Pt - Si - C system, the formation of
the Pt3(Si2-.xCx) phase is possible. In more recent papers these
phases have not been mentioned. According to the data reported
by Chou,136 in the Pt - Si - C system at 1073 K silicon carbide SiC
exists in an equiibrium with all the platinum silicides, and carbon
coexists with Pt3Si, i.e. the phase equilibria differ from those
reported by Searcy and Finnie 131 (see Fig. 17).

4. The M — Si — N ternary siliconitride systems
The ceramics based on silicon nitride Si3N4 preserve their high
hardness, wear resistance, and strength up to high temperatures,
which accounts for its wide industrial application. The composite
ceramic materials based on silicon nitride usually also contain a
metallic component. This has necessitated the investigation of the
phase equilibria in the M — Si — N ternary systems formed by the
transition metal M, silicon, and nitrogen. The studies on the
M — Si — N ternary systems have been surveyed in a monograph.80

The ternary phases formed in the M — Si — N systems are few
in number, as in the M —Si —C carbosilicide systems. As a rule,
these are MsSi3Nx phases with a filled structure of the MnsSi3 type
(£>8g). Ternary phases with a different crystal structure are present
in the siliconitride systems of some lanthanides and manganese.
The structural characteristics of the ternary phases formed in the
M — Si — N systems are presented in Table 8.

a. Siliconitrid.es of Group III transition metals
Based on the classification of the M — Si binary systems (M = Sc,
Y, La -» Lu) in terms of their composition and the crystal
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Table 8. Some ternary phases in siliconitride systems of Group III-VII transition metals.

Compound

LaSi3N5

Sm3Si6Nn
Ho5Si3NT

(0 < x < 0.4)

TisSijN,
( 0 < . r ^ 1.0)

Zr5Si3Nv

(0.1 *Sx<0.3)
Hf5Si3Nr

(x<0.1)

V5Si3Nr

(0.2^x^1.0)
Nb5Si3N.r

(.r < 0.3)
Ta5Si3Nv

(0 .3<x«1 .2)

MnSiN2

MnSiN2

a Hexagonal (space

Symmetry and

type of structure

Orthorhombic
Tetragonal
Hexagonal"

(a solid solution of
nitrogen in HosSi3)

Hexagonala

(a solid solution of
nitrogen in TisSh)

Hexagonala

Hexagonal phase a,
stabilised
by nitrogen

Hexagonala

it

it

Orthorhombic
i i

group P6}/mcm) M5Si3N,

Space

group

«i2,2,
-

P6}/mcm

P6}/mcm

Pf>ijmcm

Pdijmcm

Pdijmcm

Pbijmcm

Pbilmcm

Pna2\
Pna2\

phases, among which
(M = Ho, Ti), have the filled structure of the Mn5Si3 (Z)88) type, Z = 2.

Z

4
4
2

2

2

2

2

2

2

4
4

there

Unit cell parameters/ nm

a b

0.7838 1.1236
0.9993
0.8356-0.8324

- -

0.7949

0.7801

0.7121

0.7517

0.7501

0.5248 0.6511
0.5266-0.5268 0.6522-0.6521

are ternary compounds (M = Zr, Hf,

c

0.4807
0.4836
0.6273-0.6477

-

0.5573

0.5523

0.4847

0.5249-0.5310

0.5229-0.5246

0.5070
0.5074-0.5069

V, Nb, Ta) and solid

Ref.

137, 138
139
140

119

89, 141

141, 142

89, 141

89, 108,
141
89, 108,
141

143,144
145

solutions

structure of the silicides formed, Weitzer et al.140 have divided the
M —Si —N ternary siliconitride systems into three groups: (1)
(La,Ce,Pr,Nd)-Si-N; (2) (Sm,Gd,Tb,Dy,Ho,Er,Y)-Si-N;
and (3) (Tm,Yb,Lu,Sc)-Si-N. They chose one M - S i - N
ternary system from each group and studied the phase equilibria
in it assuming that the phase equilibria in all the siliconitride
systems of the same group are similar. This assumption is true
only within certain limits: for example, no ternary compounds
were found in the C e - S i - N system (the first group) or in the
Ho —Si —N system (the second group), but ternary compounds
LaSijNs and SnuSisNuwere discovered in the La —Si —N and
Sm — Si — N systems, which belong to the same groups (see
Table 8).139 Thus, the phase equilibria in the M - S i - N ternary
systems of the same group are not entirely similar.
The S c - S i - N system. The isothermal cross-sections through
this system at 1073 K and 1273 K have been reported140

(Fig. \%a,b). No ternary compounds were found in this system.
At 1073 K only two scandium silicides ScSi and ScsSi3 are stable.
The scandium silicides, silicon, and the silicon nitride SisN4 exist
in equilibrium with the scandium nitride ScN. At 1273 K one more
stable silicide appears, namely, ScSi2-x(Sc3Si5), which coexists
with silicon nitride and scandium nitride; ScN is also in
equilibrium with SijN4, ScSi, and ScsSi3.
The Ce —Si —N system. In the absence of external nitrogen
pressure the Ce — Si — N system contains no ternary compounds
at 1273 K.140 The cerium nitride CeN exists in equilibrium with

and six cerium silicides — CeSi2, CeSi2-x, CeSi, CesSi4,
2, and CesSi3; the silicon nitride Si3N4 exists in equilibrium

with CeSi2 (Fig. 18c). The solubility of a third component in the
binary phases is negligibly small.
The Ho—Si —N system. Based on an X-ray diffraction study and
a metallographic study and on the determination of the melting
points, Weitzer et al.140 have constructed the phase diagram of the
Ho —Si binary system. In this system, they detected all of the six
known holmium silicides. The holmium disilicide HoSi2 melts
incongruently at 2153 K, whereas HoSi2-.x and HoSi melt
congruently at temperatures above 2260 K. In the Ho —Si alloys
containing less than 50 at.% Ho, HoSi has a structure of the FeB
(527) type; in the alloys containing more than 50 at.% Ho, the

HoSi modification with a structure of the CrB {Bf, 533) type
predominates. The HosSi4 phase melts incongruently at
T> 2120K, and in the 1870K > T> 1270K range it decom-

Si3N4 Si3N4

ScN

Si ScSi Sc5Si3 Sc Si ScSi2-, \ Sc5Si3

ScSi
c d

N

Sc

Si3N4

HoN

CeSi2/CeSi ^ s ^ e s S i 3 Ce Si

Si2-* Ce5SU Ce3Si2

HoSi2\HoSi \ Ho

i 2 _ , Ho5Si3

Si

Figure 18. Isothermal cross-section through the M — Si — N ternary sys-
tems of Group III transition metals.140

(a) the Sc - Si - N system at 1073 K; (ft) the Sc - Si - N system at 1273 K;
(c) the Ce - Si - N system at 1273 K; (d) the Ho - Si - N system at 1273 K
(dark areas denote the homogeneity regions of the Ho5Si3N,( solid solution
and of the solid solution of silicon and nitrogen in holmium),
r = H o 5 S i 3 N v .
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poses to HoSi (the CrB structural type) and HosSi3. The
temperature of the congruent melting of H05S13 is 1983 K.

The H o - S i - N system incorporates no ternary compounds
at 1273 K (Fig. ISd); however, up to 4 at.% of nitrogen is
dissolved in HosSi3 to form the HosSisN* limited solid solution
having a filled structure of the MnsSi3 (D8g) type (see Table 8).
The holmium nitride HoN is in equilibrium with Si3N4, HoSi2-x,
HoSi, and HosSi3N.T; in addition, there exist Si3N4—HoSi2,
HoSi-Ho5Si3N.Y, and Ho-Ho5Si3Nx equilibria. Metallic hol-
mium dissolves up to 2 at.% of nitrogen. The holmium silicide
HoSi coexisting with HoN and HosSijN.v has a structure of the
CrB type.

b. Siliconitrides of Group IV and V transition metals
The Ti—Si—N system. According to thermodynamic esti-
mates,146147 the interaction of metallic titanium with silicon
nitride Si3N4 in the 300 K < T^ 1800K temperature range
most probably yields the silicide TisSi3 and the nitride TiN^.
This type of interaction is retained up to 2300 K. Taking into
account these data and also the results of a study148- 149 of the
interaction between silicon nitride and titanium nitride under an
atmosphere of NH3 and H2 [at a total pressure in the gas phase of
(1.33-10.7) x 103 Pa] at 1323-1723 K, Schuster and Nowotny141

concluded that under these conditions, Si3N4 exists in equilibrium
with TiN,. and with the silicide TiSi2, whereas TiN,. coexists with
all the titanium silicides. The study of the phase equilibria in the
Ti —Si —N ternary system at 1273 K (in vacuo) and at 1573K
(under an argon atmosphere) has shown that the above phase
equilibria are retained under these conditions (Fig. 19a). From the
authors' viewpoint,141 the phase equilibria in the Ti —Si —N
system are insensitive to the variations of the temperature or
nitrogen pressure. No ternary compounds were found in the
Ti — Si — N system; no solubility of nitrogen in the silicide TisSi3
with the structure of the MnsSi3 type or in other binary phases was
observed.

The isothermal cross-section through the Ti — Si — N system at
973-1273 K has been constructed by Beyers et al.,150 who have
studied phase equilibria in thin films. These researchersl50 (in
contrast to Schuster and Nowotny141) did not note the equilib-
rium between Si3N4 and TiSi2, because there exists an equilibrium
between TiN,- and silicon. The other equilibria reported in these
two papers141150 are the same. Thermodynamic calcula-
tions119-151 have shown that the TiN,, — Si equilibrium exists
most likely up to 1573 K; in particular, the variation in the Gibbs
energy for the reaction 4TiSi2 + Si3N4 -<• 4TiN + 11 Si at 1373 K
is -11.1 kJ(g-at)-1 .

The most recent studies "9-151 of the phase equilibria in the
Ti — Si — N system at 1373 K have been carried out in relation to
the diffusion pairs of the Ti —Si3N4, Tii_.xSi.T —Si3N4, and
Tii_.vSi.v—TiN types. A study involving the nitriding of Ti,Si
alloys proved to be impossible due to the formation of a thin film
of titanium nitride on the surface of the samples, which prevents
further diffusion of nitrogen. The isothermal cross-section
through the T i - S i - N system at 1373 K (Fig. 19b) largely
coincides with the cross-section obtained by Beyers et al.150 The
titanium nitride TiN,. coexists with Si, Si3N4, TiSi2, and the
Ti5Si3N.v ternary phase, which is a solid solution of nitrogen in
Ti5Si3. The solubility of nitrogen in Ti5Si3 reaches 11 at.%.119'151

The silicide Ti3Si decomposes to P-Ti and TisSi3Nv at 1373 K on
the addition of even small amounts of nitrogen. Similar effects
(substantial solubility of carbon or oxygen in TisSi3 and decom-
position of Ti3Si on the addition of a third element) have also been
observed in the T i - S i - C and T i - S i - O systems.118- "9-151

In all probability, the disagreement between the results of
Schuster and Nowotny l41 and those obtained by other work-
ersii9.150,151 j s c a u s e d by the experimental procedure: Schuster
and Nowotny141 studied the phase equilibria in the Ti — Si — N
system using massive samples, Beyers et al.150 used thin films,
whereas in the other two studies119151 diffusion pairs were
employed. The phases formed in thin films due to diffusion are

N

Si3N4

Si TiSi2 TiSi\ \ P-Ti Si TiSi2 TiSi Ti5Si3 \ f)

TisSU TijSi3 T = TisSi3Nx TisSU Ti3Si

Si3N4

Si

T =

ZrSi2/

ZrSi
Zr5Si3N^

I

ZrsSU Zr2Si

Si H f S i 2 / / \Hf2Si P-Hf

HfSi HfjSU Hf3Si2

Figure 19. Isothermal cross-sections through M —Si —N ternary systems
of Group IV transition metals (dark areas denote one-phase homogeneity
regions).
(a) the Ti - Si - N system at 1573 K; {b) the Ti - Si - N system at 1373 K,
T = TisSi3N,; (c) the Zr - Si - N system at 1573 K, T = Zr5Si3N r; (d) the
Hf- Si - N system at 1573 K.
The cross-sections a, c, and d were constructed using the results of a study
of samples sintered under an argon atmosphere at 1573 K; the cross-
section b was constructed by a layer-by-layer study of the samples
obtained by sintering diffusion pairs at 1373 K.

not always reproduced in massive samples and are probably
nonequilibrium phases. Also in massive samples the real equilib-
rium is not always reached due to the short durations of the
annealing (sometimes, annealing requires hundreds or even
thousands of hours).
The Zr—Si—N system. In the first investigation of this system,89 a
ternary zirconium siliconitride with a structure of the Mn5Si3

(D8$) type has been detected. This compound contains up to
10 at.% of nitrogen and its chemical formula and crystal structure
are similar to those of the zirconium carbosilicide Zr5Si3C.T. The
distribution of phase fields in the Zr —Si —N system was
reported89 to be identical to that in the Zr—Si —C system at
1873 K. The experimental results obtained with the samples
sintered at 1573 K under argon l41 have confirmed the views89 of
the phase equilibria in the Zr — Si — N system.

The isothermal cross-section through the Zr—Si —N system
at 1573 K is shown in Fig. 19c.141 The nitride ZrN,. is in
equilibrium with Si3N4, with the ternary compound ZrsSisNv,
with the silicides ZrSi2, ZrSi, and Zr2Si, and with the oc-Zr(N)
solid solution; Si3N4 is in equilibrium with ZrSi2, and ZrsSi3N.v
also coexists with ZrSi, ZrsSi4, Zr3Si2, Z^Si, and with the solid
solution of nitrogen in a-Zr.

At a lower temperature, namely at 1273 K, all the phases
existing in the Zr—Si — N system at 1573 K are retained, but the
content of nitrogen in ZrsSisN.v noticeably decreases (x < 0.2),
and the Si3N4 - ZrSi, ZrN,. - Zr5Si4, and ZrN,. - Zr3Si2 equilibria
arise instead of ZrsSisN.Y—ZrsSi4and ZrN,—ZrSi2.
The Hf - Si - N system. The phase equilibria in this system at 1273
and 1573 K are virtually identical and are similar to those in the
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Zr — Si — N system at these temperatures.141 The main distinction
between the isothermal cross-section through the Hf—Si —N
system at 1273 K and the corresponding cross-section through
the Zr—Si —N system is the existence of the
SijN4 + HfSi2 + HfN three-phase field. The ternary compound
Hf5Si3N.v with a very low content of nitrogen (x < 0.1) is formed
in the Hf—Si —N system. It has a structure of the MnsSi3 (D8$)
type and exists in an equilibrium with HfNr and Hf2Si. The
isothermal cross-section through the Hf — Si — N system at 1573 K
is presented in Fig. \9d (the position of the ternary compound
Hf5Si3Nv is not shown).124

The V - S i - N system. The heating of V5Si3 to 1673 K under an
NH3 atmosphere leads to the formation of the ternary compound
V5Si3NT with a filled structure of the Mn5Si3 0D88) type and the
nitride VN,. .8 9 The phase equilibria in the V —Si —N system at
1273 K (in vacuo) and at 1773 K (under an argon atmosphere)
(Fig. 20a,b) have been studied.141 At 1273 K the ternary com-
pound is in equilibrium with SisN4, VSi2, VeSis, VsSi3, VsSi, and
V9N4; the silicon nitride Si3N4 coexists with VSi2, VN,,, and
V9N4; and the silicide V3S1 coexists with V9N4 and with the solid
solution of nitrogen in vanadium.

As the temperature increases, the nitrogen content in VsSisNv
increases substantially, as indicated by the increase in the unit cell
parameters from a = 0.7121 nm and c = 0.4847 nm at 1273 K to
a = 0.7155 nm and c = 0.4852 nm at 1773 K. The nitrides Si3N4

and VN,. are unstable under an argon atmosphere at 1773K.
Thus, the ternary compound VsSisN.v and the silicide VSi2 in the
V — Si — N system coexist directly with nitrogen, whereas the other
equilibria are retained (Fig. 206). The solubility of a third
component in the binary phases is negligibly small.141

The compound V9N4 crystallises with a hexagonal ordered
structure with the periods a = avVl and c = c\ {ay and cv are
the parameters of the hexagonal close-packed vanadium sub-
lattice). According to the data obtained by Onozuka,152 the
nitrides stable in the V — N binary system at temperatures above
900 K are VN,. and V9N4 (rather than V2N,. as has been believed

previously), whereas at T < 900 K, the V32N26 (space group
PAilnmc) and V9N4 (space group P6i22) ordered phases are
stable. The VNr (y = 0.78) -+ V32N26 ordering occurs at 793 K
as a first-order phase transition.
The Nb—Si—N system. A thermodynamic calculation146 implies
that the reaction between the silicon nitride Si3N4 and metallic
niobium at 1300K most probably yields the silicide NbsSi3 and
the nitride Nb2N. This is in agreement with the experimental
data.141 The isothermal cross-section through the Nb —Si —N
system at 1273 K (in vacuo) is shown in Fig. 20c.141 There are no
ternary phases in the Nb — Si — N system at this temperature, the
nitride SJ3N4 coexists with all the binary niobium silicides and
nitrides, whereas the silicide NbsSi3 exists in equilibrium with
Nb2N.

The annealing of the alloys existing in the Nb — Si — N system
at 1773 K led to the appearance of the ternary compound
Nb5Si3N.T with a filled structure of the Mn5Si3 (£>88) type.141

This compound exists in equilibrium with NbSi2, NbsSi3, Nb2N,
8-NbN, and probably with nitrogen. The equilibria of NbsSisNv
(Nb5_xSi3-vNr) with N2 and NbSi2 have been reported.108 The
assumption that in the ternary compound, nitrogen substitutes
niobium and siliconlos have not been confirmed: the interstitial
atoms X in the compounds M5M3X with the MnsSi3 (DS%) type of
structure fill the octahedral vacancies formed by the M atoms.
The NbsSisNr ternary phase has been obtained by heating NbsSi3
under an atmosphere of NH3 at 1673 K.89 The parameter c of the
crystal lattice of NbsSi3NT has been reported89'141 to increase
from 0.5249 nm to 0.5310 nm with an increase in the nitrogen
content, with the invariable parameter a = 0.7517 nm. The
invariability of the parameters of the crystal lattices of the binary
phases in the Nb — Si — N system indicates that the solubility of the
third component in these phases is negligibly small.
The Ta —Si —N system. This system has been the most compre-
hensively studied among the siliconitride systems of group IV and
V transition metals (except for titanium). The first investigation of
the phase equilibria in this system was carried out by Kudielka et
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Ta2Si

Figure 20. Isothermal cross-sections through the M — Si — N systems of
Group V transition metals (dark areas denote one-phase homogeneity
regions).141

(a) the V - S i - N system at 1273 K (in vacuo);
(6) the V — Si — N system at 1773 K (under an argon atmosphere);
(c) the Nb-S i -N system at 1273 K (in vacuo);
(d) the Ta —Si —N system at 1773K (under an argon atmosphere);
T = V5Si3N.Y (a, b), Ta5Si3N.T (d).
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al.90 They constructed the isothermal cross-section through the
Ta —Si —N system at 1600K and a nitrogen pressure of
0.75xl05Pa. The ternary compound Tas-^Sis-^N; with a
broad homogeneity region exists in this system; it exists in
equilibrium with nitrogen, the silicon nitride Si3N4 and with the
tantalum nitrides and silicides TaN^, Ta2N, TasSi3, and TaSi2-108

The formation of the TasSisN* ternary phase on nitriding the
silicide TasSi3 at 1673 K by various methods and on the inter-
action of Si3N4 with tantalum at 1873 K has also been observed in
another study.89 The ternary compound TasSi3Nx has a filled
structure of the MnsSi3 (Z>8g) type common to the MsSisN*
phases. The phase equilibria in the Ta —Si —N system have been
studied at 1273 K (in vacuo) and at 1773 K (under an argon
atmosphere).141 It was found that at 1273 K, no ternary phase
exist, and the silicon nitride is in equilibrium with TaSi2, TasSi3,
TaNv, and Ta2N, whereas the nitride Ta2N coexists also with

Sij, Ta2Si, and Ta3Si. At 1773 K, the ternary compound
.x exists in the Ta — Si — N system. It is in equilibrium

with nitrogen, Ta2N, Ta2Si, and Ta5Si3 (Fig. 20d). When
the content of nitrogen in TasSisN* increases, the parameter c
of the crystal lattice increases from 0.5229 nm to 0.5246 nm with
the parameter a = 0.7501 nm being constant. The solubility of the
third component in the binary phases of the Ta — Si — N system is
negligibly small.141

c. Siliconitrides of Group VI-VIII transition metals
The Cr—Si — N system. The interaction of the silicon nitride Si3N4
with chromium can yield Q^Si, CrsSi3, CrSi, CrSi2,02N, Si, and
gaseous nitrogen, depending on the amount of chromium.146

Heating a mixture of Cr, Si, and SJ3N4 to 1673 K in a moist
atmosphere leads to the formation of CrsSi3 (structure of the
\V5Si3 type), containing up to 10 at.% of nitrogen, and CrsSi,
containing up to 20 at.% of nitrogen; chromium nitrides are not
formed in the absence of an external nitrogen pressure.89

A detailed study of the phase equilibria in the Cr—Si —N
system153 has shown that at 1273 K and under an argon
atmosphere, the nitride S13N4 coexists in this system with all the
chromium silicides, namely, CrSi2, CrSi, CrsSi3, and C^Si,
whereas G^Si and the solid solution of silicon in chromium are
in equilibrium directly with nitrogen. However, at 1273 K, even a
low nitrogen pressure is sufficient to stabilise &2N existing in
equilibrium with C^Si and with the solid solution of silicon in
chromium; the other equilibria in the Cr —Si —N system under a
low nitrogen pressure are the same as the equilibria under argon.
At a higher temperature of 1673 K under an argon atmosphere,
the silicides CrsSi3 and Q^Si are in equilibrium with nitrogen,
whereas SisN4 coexists with CrsSi3. Nitrogen is insoluble in
chromium silicides.153

The isothermal cross-section through the Cr —Si —N system
at 1873 K and at a nitrogen pressure of 1 x 105 Pa has been
constructed153 with the aid of the results obtained in another
study.154 The equilibria existing at 1673 K under argon are
retained under these conditions; in addition, new equilibria arise,
due to the stabilisation of the chromium nitride &2N and the
appearance of the liquid phase of chromium.
The M o - S i - N system. The nitriding of Mo5Si3 at 1673 K gives
Mo and Mo3Si, whereas the nitriding of MoSi2 under the same
conditions is accompanied by the appearance of MosSi3.89 The
annealing of a mixture of Mo, Si, and Si3N4 powders at 1973 K
affords MosSi3 and nitrogen.89 The reaction between Mo and
Si3N4 at 1273 K proceeds very slowly; in the absence of an external
pressure of nitrogen, Si3N4 coexists with MoSi2 and MosSi3,
whereas the silicides Mo5Si3 and Mo3Si exist in equilibrium with
nitrogen.153 The same phase equilibria are retained in the
Mo - Si - N system at 1673 K under argon. At 18 50 K, the silicon
nitride SJ3N4 is unstable, and all the molybdenum silicides are in
equilibrium with nitrogen. No ternary compounds have been
found in the Mo — Si — N system.

The phase equilibria in the Mo —Si —N system have been
studied at 1573 K and at various nitrogen pressures (Fig. 21).137

At />N, < 18 Pa, the Mo —Si —N system incorporates only the
silicides M0S12, MosSi3, and Mo3Si existing in equilibrium with
nitrogen. At 18 Pa < />N, < 3000 Pa all the molybdenum silicides
are still in equilibrium with nitrogen, and MoSi2 coexists with
Si3N4. The phase equilibria in the Mo —Si—N system at higher
nitrogen pressures (3 x 103 Pa ^ /?N, < 7 x 105 Pa) are the same
as shown in Fig. 21c. At a nitrogen pressure of
7 x 105 Pa ^ pN2 < 88 x 105 Pa, the silicon nitride Si3N4 exists in
equilibrium with all the molybdenum silicides, and Mo3Si coexists
with nitrogen. When the nitrogen pressure is (88-98) x 105 Pa,
the nitride M02N becomes stable, and one more equilibrium
appears, namely, Mo2N-Mo3Si. At pN , > 98 x 105 Pa, the
Mo3Si —N equilibrium disappears, and the Si3N4 — M02N equi-
librium arises instead; silicon nitride coexists also with all the
molybdenum silicides, and M02N is in equilibrium with Mo3Si
(Fig. 21 / ) .
The W - S i - N system. The nitriding of W5S13 at 1673-2073 K
under an NH3 atmosphere does not lead to the formation of a
phase with the structure of the MnsSi3 (DSs) type observed in the
M —Si —N systems of Group V transition metals.89 It has been
shown153 that silicon nitride does not react with tungsten or with
the silicides WSi2 and WsSi3 at 1273 K, but exists in equilibrium
with them. The Si3N4—W equilibrium is retained up to 1400 K. At
higher temperatures, SisN4 and tungsten interact to give WsSi3
and nitrogen that exist in equilibrium with each other. At 1773 K,
the silicides WSi2 and WsSi3 are in equilibrium with nit rgen.
The Re—Si—N system. The phase equilibria in this system have
been studied at 1273 K and 1673 K under argon.153 At 1273 K, the
silicon nitride Si3N4 coexists with rhenium and with its silicides
ReSi2 and RenSig. At a higher temperature Si3N4 reacts with
rhenium, and thus the RenSi9 —N equilibrium arises instead of
SJ3N4—Re. No ternary phases in the Re — Si — N system have been
found.
The Mn — Si—N system. The interaction of liquid manganese with
the silicon nitride Si3N4 in vacuo, under an inert gas, or under
nitrogen is accompanied, in particular, by the formation of the
ternary compound MnSiN2.156 The nitrogen atoms in the
siliconitride MnSiN2 are located at the centres of the distorted
tetrahedra comprising two manganese atoms and two silicon
atoms.143'144 The decomposition of MnSiN2 to the silicide MnSi
and gaseous nitrogen begins at 1570K (at a nitrogen pressure of
1 x 105 Pa) or at 1070 K (under argon).

The study of the phase equilibria in the Mn —Si —N system
carried out by Weitzer and Schuster145 has confirmed the
presence of only one ternary compound MnSiN2 with an ortho-
rhombic lattice (see Table 8). It has a narrow homogeneity region.
In the absence of an external nitrogen pressure at 1273 K the
siliconitride MnSiN2 is in equilibrium with nitrogen, with the
silicon nitride SJ3N4, with |3-Mn (the solid solution of silicon in
manganese), and with the silicide Mn3Si; Si3N4 also coexists with
MnSi2, MnSi, MnsSi3, and Mn3Si. Nitrogen is insoluble in
manganese silicides.

In the presence of an external nitrogen pressure, y-Mn (the
solid solution of nitrogen in manganese) arises in the system. This
leads to the appearance of P-Mn-y-Mn and MnSiN2 —y-Mn
phase equilibria. With an increase in the external pressure of
nitrogen, manganese nitrides (in particular, e-Mn4N) appear in
the system and equilibria between them and MnSiN2 are estab-
lished.
The Fe —Si —N system. The combined influence of the nitrogen
and silicon admixtures in iron and its alloys on the properties of
the latter have been studied in connection with the development of
siliceous sheet transformer steel. In steels with high silicon
contents (up to 4 at.%), the nitride Si3N4 can segregate from the
solid solution of silicon in iron. The silicon nitride is also formed
in the nitriding of steels with low contents of silicon.

The phase equilibria in the Fe — Si — N system have been
studied at 1173 K and 1423 K.145 In the absence of an external
nitrogen pressure at 1173K, Si3N4 coexists with all the iron
silicides stable at this temperature and with oc-Fe (the solid
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Figure 21. The influence of nitrogen pressure />N; on phase equilibria in the Mo - Si - N system at 1573 K.'55

(a) < 18 Pa, (6) 18 =£ pNl < 3 x 103 Pa, (c) 3 x 103 < pNl < 7 x 105 Pa, (d) 1 x 105 ^ pNl < 88 x 105 Pa, (e) 88 x 105 < pN , < 98 x 105 Pa,
if) PN2 > 98 x 10s Pa.

solution of silicon in iron). In the presence of pure iron at
1390 ± 10 K S13N4 starts to decompose yielding the solid solution
of oc-Fe containing 6 - 8 at.% of silicon.

At 1423 K the nitride Si3N4 coexists with silicides Fe2Si5, FeSi,
FejSi, and Fe3Si, and also with a-Fe (the solid solution of silicon
in iron). No ternary phases have been detected in the Fe — Si — N
system.
The C o - S i - N system. When Si3N4 reacts with liquid cobalt, it
decomposes to give cobalt silicides and gaseous nitrogen. In the
absence of an external nitrogen pressure at 1273 K, the silicon
nitride is in an equilibrium with C0S12, CoSi, the low-temperature
silicide Co2Si, a-Co and £-Co (the solid solutions of silicon in
cobalt), and cobalt.145 The reaction between Co and Si3N4 with
the decomposition of the latter starts at 1440 K. Nitrogen is
insoluble in cobalt silicides. No ternary compounds have been
found in the Co — Si—N system.
The N i - S i - N system. The interaction of molten nickel with the
silicon nitride Si3N4 is accompanied by the decomposition of the
latter. At temperatures above 1440 K, the decomposition occurs
very rapidly. Without an external nitrogen pressure at 1173 K, the
silicon nitride Si3N4 coexists with nickel and with all the nickel
silicides stable at this temperature. Nickel silicides do not dissolve
nitrogen. No ternary compounds have been detected in this
system.

The phase equilibria in the Ni — Si — N system have been studi-
ed at 1373 K and at a nitrogen pressure of 1 x 105 Pa.1 5 5 Under
these conditions, the silicides NiaSi, NisSi2 (Ni3iSii2), and NisSi
and the solid solution of silicon in nickel exist in equilibrium with
the silicon nitride Si3N4. Nickel dissolves up to 15 at.% of silicon.
The Ru — Si—N system. There are no ternary phases in the
R u - S i - N system at temperatures from 1270K to 1520K and
at an argon pressure of 1 x 105 Pa . l 5 7 At 1273 K the nitride Si3N4

coexists with ruthenium and with its silicides Ru2Si3, RuSi, and
Ru4Si3 (Fig. 22a). At 1480 K, decomposition of Si3N4 begins

S13N4 + Ru —> Ru4Si3 + N 2 ,
and the appearance of the phase diagram changes. At 1520 K, the
nitride Si3N4 exists in equilibrium with RU2S13 and RuSi, and the
silicides RuSi, RU4S13, and Ru2Si are in equilibrium with nitrogen
(Fig. 22b).

Si3N Si3N,

Si Ru2Si3 \

RuSi

Ru Si Ru2Si3/ \Ru2Si Ru

RuSi R.U4SL1

Figure 22. Isothermal cross-sections through the Ru —Si —N system at
1273 K (a) and 1520 K (6) under an argon atmosphere.157
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V. Phase equilibria in M—Al—X ternary systems
(X = C, N, Si)
1. The common types of the crystal structures of ternary
compounds in the M—Al—X systems
Aluminidocarbides and aluminidonitrides of transition metals
have, as a rule, one of several specific crystal structures peculiar
to these compounds.

The cubic structure [space group Pm3m(0l
h)] of the perovskite

CaTiO3 (£20 type, which is usually found in double oxides, for
example, in barium titanate BaTiCh, is the most common among
these structures. The M and Al atoms in the aluminidocarbides
and aluminidonitrides M3AIX with the perovskite type of struc-
ture form an ordered metallic Fcc-sublattice: the aluminium
atoms occupy the vertices of a cube, whilst the transition metal
atoms M are located at the centres of the faces of the cube; the M
atoms constitute octahedra in the centres of which the interstitial
atoms X are located (Fig. 23). The interstitial atoms X (C, N)
occupy all or some of the octahedral interstices formed by the
transition metal atoms M; this accounts for the fact that most of
aluminidocarbides and aluminidonitrides with the perovskite type
of structure have fairly extensive homogeneity regions. The
presence of the metallic Fcc-lattice, with interstitial atoms located
in its octahedral interstices, and the existence of the homogeneity
regions make these compounds very similar to the classical
nonstoichiometric interstitial compounds, namely, carbides and
nitrides MXV with the structure of the 51 (NaCl) type. In addition,
in some cases the X atoms in the aluminidocarbides and alumini-
donitrides M3AIX with the perovskite type of structure can not
only fill the octahedral interstices, but can also substitute
aluminium.

o
C

Al

Cr-Ti

Figure 24. Crystal structure of the Nowotny phase (//-phase) of the
Cr2AlC type (M2M'X).
(a) unit cell (space group Pdilmmc); (b) the layer of the XM6 octahedra
joined via six edges; nontransition metal atoms in compounds with the
O2AIC type of structure are arranged over tetrahedral vacancies.

• X

O M

/

SA / /

/

>
• X
0 M'
O M

Figure 23. Unit cell of the ternary compounds M3M'X with the ideal cubic
structure (space group Pm3m) of the perovskite CaTiCh type.

Another group of transition metal aluminidocarbides and
aluminidonitrides M2M'X (.//-phases) have the hexagonal struc-
ture (space group P63/mmc) of the Cr2AlC type (Fig. 24).
A significant element of this structure, as well as of the previous
one, is the octahedron XM6 formed by six transition metal atoms
M with the nonmetal atom X located at the centre of it. In the
M2M'X //-phases, each XM6 octahedron is joined with the
adjacent octahedra via its six edges; thus layers with tetrahedral
vacancies between the octahedra are formed (Fig. 246). The
nontransition metal atoms M' are located over these tetrahedral
vacancies in the trigonal prisms formed by six M atoms. The
octahedral layers separated by the layer of the M' atoms are
packed in such a way that the tetrahedral interstices are located
above one another. The unit cell of the //-phases incorporates two
M2M'X formula units.

The frequently occurring aluminidocarbides and aluminido-
nitrides of the composition M3M'2X have a cubic structure [space
group P4]32 (O7)] of the P-Mn type (^13) in which twenty atoms
of the transition and nontransition metals occupy the I2(d) and
8(c) sites, respectively. The transition metal atoms M constitute
slightly distorted octahedra that are connected to one another via
their vertices; the octahedral interstices correspond to the 4(a) sites
in the structures of the P-Mn type, and in the compounds M3M'2X

Figure 25. Filled crystal structure of the P-Mn(A13) type of the ternary
cubic (space group P4j32) compounds M3M3X.
Only the transition metal atoms M at the 12(d) sites and interstitial
nonmetal atoms X (C,N) at the 4{a) sites are shown; these atoms form
distorted XM6 octahedra joined via all the vertices.

of the stoichiometric composition they are occupied by the
nonmetallic interstitial atoms X, that is, carbon or nitrogen
atoms (Fig. 25). In the case where the composition of a ternary
carbide or nitride with the structure of the P-Mn type deviates
from the stoichiometry, some of the octahedral interstices remain
vacant.

A filled structure of the Mn5Si3 type (£>88) (see Fig. 10), which
is common for the transition metal silicoborides, carbosilicides,
and siliconitrides MsSi3Bx, MsSisC.v, and MsSi3N.r considered
above, is also a frequently encountered type of the structure of the
ternary compounds in the M—Al—C and M—Al — N systems. It
is of interest that this structure is hardly found among the
transition metal aluminosilicides.
2. The M — Al—C ternary aluminidocarbide systems
The structural characteristics of the ternary phases formed in the
M—Al—C aluminidocarbide systems are presented in Table 9.

Some lanthanides form aluminium and carbon cubic ternary
compounds Ln3AlC (Ln = Tb, Er, Tm) with the perovskite type
of structure.158

The T i - A l - C system. In a study of the phase equilibria in the
Ti—Al—C system,179 the existence of the ternary cubic com-
pound Ti3AlC with the perovskite structure159 and of the ternary
hexagonal compound Ti2AlC (the //-phase) with the Cr2AlC type
of structure ><®-172 has been confirmed (Table 9). The following
pseudobinary equilibria occur in the T i - A l - C system under
equilibrium conditions at 1273 K (Fig. 26): Al4C3-TiC,.,
TiAl3-TiC^, Ti2AlC-TiAl3 , Ti2AlC-TiAl, Ti2AlC-Ti3Al,
Ti2AlC-Ti3AlC, Ti2AlC-TiC>., Ti3AlC - TiC,, Ti 3AlC-
Ti3Al, Al(liq)-TiQ,, Ti3AlC - a-Ti(sol) and Ti3AlC - P-Ti(sol)
[Al(liq) is molten aluminium, and a-Ti(sol) and P-Ti(sol) are solid
solutions of aluminium in ot-Ti and p-Ti, respectively]. Titanium is
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Table 9. Some ternary phases in the M - A l - C systems.

Compound

Tb3AlC

Er3AlC
Tm3AlC
Ti3AlCx

(x=1.0)
Cr3AlC,
Mn3AlC*

{x= 1.0-1.2)
Fe3AlC.v

(x as 0.66)
Co3AlC*

(x « 0.59)
Ni3AlCt

(x as 0.3)
Ni3AlC*

(x w 0.3)
Ti2AlC

V2A1C
Nb2AlC
Ta2AlC
Cr2AlC
Nb3Al2C
Ta3Al2C
Mo3Al2C
Zr2Al3C5

Hf2Al3C5

ZrAlC2

HfAlC2

Zr5Al3C

Hf5Al3C
Ta5Al3C
Th4Al2Cs
ThAlC2

TI1AI4C4

Symmetry and

type of structure

Cubic, the perovskite
CaTiO3 (£20 type

11

11

i t

-

Cubic, the perovskite
CaTiO3 (£2i) type

M

II

Cubic (a solid
solution of carbon in Ni3Al)

11

Hexagonal (//-phase
oftheCr2AlCtype)

M

II

II

II

Cubic, the p-Mn (A 13) type
11

11

Hexagonal
"
11

Hexagonal, filled
structure of the MnsSi3 type

. . ( Z ) 8 g )

_
_

Hexagonal

Space group

Prnim

Prriim
Prriim
Prnim

-
Prriim

Prriim

Pmim

Pmlm

Prnim

Pii-ilmmc

P6ijmmc
Pbilmmc
Pbijmmc
P6]/mmc
/>4,32
/>4,32
/>4,32
Pile
Pile
P6j/mcm
Pdilmcm
Pdijmcm

Pdijmmc
P6)/mmc
—
—

-

Z

1

1
1
1

-
1

1

1

1

1

2

2
2
2
2
4
4
4
2
2
6
6
2

2
2

—
-

-

Unit cell parameters / nm

a

0.4876

0.4792
0.4776
0.4156

-
0.3869

0.3728-0.3788

0.3697

0.3617

0.3583

0.304

0.2913
0.3103
0.3075
0.286
0.7065-0.7079
0.7038
0.6860-0.6866
0.3345
0.3319
0.3345
0.3319
0.822

0.812
0.7734
—
-
0.823

c

-
—
-

-
-

-

-

-

-

1.360

1.314
1.383
1.383
1.282
-
-
-
2.2231
2.209
2.761
2.742
0.568

0.5679
0.5245
—
-
0.334

Ref.

158

158
158
159

160
161-165

163, 164

163, 164, 166

163, 164, 167,
168
168

169-172

169-172
169-172
169-172
169-172
172-174
172-174
172, 174-176
177
177
177
177
177

172, 177
177
178
178
178

Al

ALA

TiAl3 TiAl / o-Ti(p)

Ti3Al

Ti

P-Ti

Figure 26. Isothermal cross-section through the Ti—Al —C system at
1273 K (the dark areas denote one-phase regions).179

(/) Ti2AlC; (2) Ti3AlC.

insoluble in AI4C3, carbon is insoluble in titanium aluminides,
and aluminium is insoluble in TiC,,. oc-Ti dissolves up to 10 at.%
of aluminium. The Ti2AlC /f-phase annealed at 973 K has no
homogeneity region. The variation of the unit cell parameters on
the substitution of titanium by aluminium in the ternary phases is
relatively greater than the variation caused by a similar change in
the carbon content.179 Thus, the lattice period of the Ti3AlC
annealed at 1273 K decreases on the substitution of titanium by
aluminium and increases with an increase in the concentration of
carbon. The unit cell parameters of the Ti2AlC //-phase annealed
at 1273 K vary in the ranges a = 0.3045 to 0.3065 nm and
c = 1.3636 to 1.3671 nm. The variation of the unit cell para-
meters points to the existence of small homogeneity regions of the
ternary phases annealed at 1273 K.

While considering the phase equilibria in the Ti —Al —C
system, one should mention a study 18° published in 1988, when
the ternary compounds Ti2AlC and TiaAlC were already known,
in which a wrong variant of the phase diagram with no allowance
for the existence of the ternary phases was suggested for the
Ti—Al—C system.
The Zr—Al —C system. All the known zirconium aluminides
except for Zr2Al, Zr5AU, and ZrjAb, have been found in the
Z r - A l - C system.177 The Zr2Al phase may be stabilised only in
the presence of silicon.181 The aluminide ZrsAU decomposes at a
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Al

AI4C3 ZrCv

Zr Al3 / Z

ZrAl3

r2Al3
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Al

AI4C3 HfC,

HfAl3 (

HfAl2

Hf

HfAl

\

a-Hi{p)

Figure 27. Isothermal cross-sections through the Zr—Al —C (a) and
Hf—Al —C (b) systems at 973 K (dark sections denote single-phase
homogeneity regions of carbides and of solid solutions of aluminium in
transition metals).177

T, = M2A13C5_.X, T2 = MAlC2-.r, N = M5AI3C (M = Zr, Hf).

temperature of ~ 1 2 5 0 K , and Zr5Al3 almost coincides in its
composition with Zr3Al2 .

Three ternary phases have been found in the Zr—Al —C
system: Zr 2Al 3C5_. r , Z r A l C 2 - x , and Zr5Al3C (see Table 9). The
new ternary compound with the ideal formula Zr2Al3C5 has a
hexagonal structure [space group P3lc (C*,)] with the unit
cell parameters a - 0.3345 nm and c = 2.2230 nm; carbon
atoms are located in the octahedral interstices. The ZrAlC2

phase also crystallises with a hexagonal structure [space group
P6i/mmc (D\h)}, carbon being located in the octahedral inter-
stices. The ZrsAbC phase has a structure of the MnsSi3 type the
octahedral interstices of which are filled with carbon.

The greatest number of pseudobinary equilibria in the
Zr—Al —C system are formed by the very stable zirconium
carbide ZrC,- (Fig. 27a). However, in contrast to the Ti—Al —C
system, ZrC,. does not form pseudobinary equilibria with alumin-
ium at temperatures below ~ 1300 K. Carbon is soluble only in the
aluminide Zr3Al2 (ZrsAl3), thus stabilising its structure (MnsSi3

type); aluminium is insoluble in ZrC,,. The distribution of the
phase fields near the ternary compound ZrsAlC3 at 1273 K differs
from that at 973 K, namely, the ZrCj , -Zr 3 Al 2 and Z rC , . -Z r 3 Al
equilibria disappear, the ZrsAUC—Zr3Al and ZrsAl3C —P-
Zr(sol) appearing instead [P-Zr(sol) is the solid solution of
aluminium in P-Zr].
The Hf—Al—C system. Three ternary compounds exist in the
Hf—Al—C system, their structures and compositions (see
Table 9) being similar to those of the corresponding ternary
compounds formed in the Zr —Al—C system.177 However, in

contrast to the zirconium-containing system, there is no
AUC3 —HfAl3 equilibrium in the system under consideration,
and aluminium coexists with Hf 2Al 3C 5 , HfAlC 2 , and HfC,,
(Fig. 21b). Carbon is insoluble in the hafnium aluminides and
aluminium is insoluble in hafnium carbide. The phase equilibria in
the H f - Al - C system at 973 K and 1273 K are virtually identical,
differing only in that the solubility of aluminium in a-Hf increases
(up to 12 at .% of Al at 1273 K) and some solubility of carbon in <x-
Hf appears.

The V - A I - C system. One ternary compound, namely V2A1C
with a hexagonal structure of the Cr2AlC type, is formed in the
V - A l - C system (see Table 9 ) . 1 6 9 " 1 7 2 At 1273 K this compound
coexists with molten aluminium, the carbides AI4C3, VCV , £-
V 4 C 3 , and V2C, and with V(sol) [V(sol) is the solid solution of
aluminium in vanadium]; AUC3 exists in an equilibrium with VC,.
(V8C7), and V2C is in an equilibrium with V(sol).179 The solid
solution V(sol) coexisting with V2A1C and V2C contains up to
23 at .% of Al. Note that both the disordered carbide VC,. and the
ordered phase V8C7 have been observed in this system at
1273 K. 1 7 9 The V2A1C ternary phase has no homogeneity
region, binary phases do not dissolve the third component.1 7 9

The Nb - Al - C system. The da t a 1 6 9 - ' 7 2 concerning the existence
of the Nb2AlC ternary / /-phase in this system (see Table 9) have
been confirmed by Schuster et al.1 7 7 At 973 K this phase exists in
equilibrium with NbAl 3 , Nb2Al, Nb3Al, NbC,, , and Nb 2 C; N b C ,
coexists with AUC3 and N b A l 3 , and AI4C3 coexists with NbAl 3

(Fig. 28«). The carbide Nb 3Al 2C with the P-Mn type of structure
(see Table 9) is unstable at 973 K and is not shown in Fig. 28a.

AUC3
NbCv

Al

Nb2C

NbAl3 ND2AI'
Nb

Nb3Al Nb(p)

Ta
Ta(p)

TaAl3 Ta2Al3 Ta2Al Ta(p)

Figure 28. Isothermal cross-sections through the Nb —Al —C system at
973-1273 K (a) and through the T a - A l - C system at 1273K (6) and
973 K(c).177

H = Nb2AlC (a), Ta2AlC (b, c), N = Ta5Al3C.
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At a higher temperature of 1273 K the AI4C3 - N b A b equilibrium
disappears, and the carbide NbC>. coexists directly with liquid
aluminium (similarly to the Ti—Al—C system in which the
carbide TiCv. is in an equilibrium with liquid aluminium). In all
other aspects, the isothermal cross-sections through the
N b - A l - C system at 973 K and 1273 K are similar.

The variation of the parameters of the //-phase (a varies from
0.3105 nm to 0.3115 nm and c varies from 1.3860 nm to
1.3921 nm) indicates the existence of a small homogeneity region
corresponding to the formula Nb2_.rAli + .vCi_x/2, which was
suggested in a previous study.169 Carbon is insoluble in the
niobium aluminides, and aluminium is insoluble in the niobium
carbides.
The Ta—Al —C system. The isothermal cross-sections through
the T a - A l - C system at 973 K and 1273 K are shown in
Fig. 2Sb,c. At 973 K one ternary compound with the formula
Ta2AlC exists in this system, and at 1273 K the second ternary
compound appears, namely, TasAbC* with a filled structure of
the MnsSi3 type (see Table 9). The ternary compound Ta3AbC is
unstable at these temperatures and is not shown in Fig. 2$b,c.
At 1273 K carbon populates only some of the octahedral inter-
stices of the tantalum sublattice in TasAbQc (x < 1.0), and the
occupation of all the interstices can be achieved at a higher
temperature.

As the temperature increases, carbon stabilises the TasAbC
phase with the Z>8s type of structure; as this takes place an
equilibrium arises between the carbide TaC,. and liquid alumin-
ium, and the AUC3-TaAl3 equilibrium disappears (see
Fig. 2Sb,c).
The Cr—Al —C system. There is one ternary compound in this
system: Cr2AlC (see Table 9), which is more stable at 1073 K than
the carbides AI4C3 and Cr3C2 and exists in an equilibrium directly
with carbon (graphite); with an increase in the temperature,
the //-phase becomes less stable than AI4C3 and O3C2, and the
Cr2AlC —C equilibrium disappears (Fig. 29). According to
the data obtained by Schuster et al.,179 the compound Cr2AlC
has no homogeneity region. There is no solubility of the third
component in the binary phases of the C r - A l - C system. The
existence of the C^AIC carbide phase with an unknown structure
has been reported;160 however, these data have not been
confirmed subsequently.
The Mo—Al —C system. One ternary compound has been
detected in this system, namely, the compound MO3A12C with a
cubic structure of the P-Mn type, similar to the analogous
compounds formed in the Nb—Al —C and Ta—Al —C systems.
The aluminidocarbide Mo3Al2C exists in equilibrium with the
carbides AI4C3 and Mo2C and with the aluminides Mo3Al8 and
M03AI; AI4C3 coexists with Mo2C, M0AI3, and Mo3Al8; the
carbide Mo2C is in equilibrium with M03AI and with the solid
solution of aluminium and carbon in molybdenum Mo(Al,C).176

The ternary compound Mo3Al2C has a small homogeneity region
and is formed via a peritectic reaction between the carbide Mo2C
and the aluminium melt. A ternary eutectic (Mo3Al2C + M03AI
+ M03AI8) with a melting point of ~ 1823 K exists in the system.
The compound Mo3Al2C has a small homogeneity region: as the
content of molybdenum increases from 47 to 51 at.%, the content
of carbon being constant and equal to 16.7 at.%, the cubic lattice
period increases from 0.6860 nm to 0.6866 nm. 1 " ' " 2 A small
amount of carbon can be dissolved in all the molybdenum
aluminides, whereas molybdenum (up to 3 at.%) is soluble in
AI4C3. In all probability, the AI4C3 - MoC3, (M03C2) pseudo-
binary equilibrium should exist in the Mo —Al —C system at
T> 1750 K.
The W—Al —C system. There are no ternary compounds in the
W - Al - C system at 1173 K.176 The intermetallide WA12 exists in
equilibrium with the carbides AI4C3, WC, and W2C, whereas
AI4C3 is in equilibrium with the hexagonal carbide WC (the WC^
high-temperature cubic phase was not taken into account). It
should be kept in mind that the designation of the intermetallide
WAI2, which is formed from tungsten and aluminium melt via the

AI4C3

Al Cr

Figure 29. Isothermal cross-sections through the Cr —Al —C system at
1073 K (a) and 1273 K (b) (dark sections denote single-phase regions).179

peritectic reaction and is stable in the narrow temperature range
from 1600K to 1830K, is somewhat arbitrary.182

The Mn—Al —C system. A study of the phase equilibria in the
Mn—Al—C system has provided evidence for the existence of the
ternary compound MnsAlC with the perovskite type of struc-
ture 183 (see Table 9). At 973 K this compound is in equilibrium
with AI4C3 and with solid solutions of aluminium in a-Mn(sol)
and p-Mn(sol) as well as with the carbides Mn7C3, MnsC2, and
Mn23C6 and with carbon, whereas AI4C3 is in equilibrium with all
the manganese aluminides (Fig. 30a). The period of the lattice of
Mn3AlC annealed at 973 K varies from 0.3856 nm to 0.3873 nm.
This apparently reflects the variation of the carbon content in the
compound rather than the alteration of the ratio between the
manganese and aluminium. A similar conclusion can be drawn
from the results of another study.163

At 1273 K y-Mn dissolves ~ 5 at.% of carbon and 25 at.% of
aluminium thus forming a broad one-phase region; the high-
temperature E-MnAl phase dissolves up to 5 at.% of carbon
(Fig. 30b). The parameters of the cubic lattice in the compounds
Mn3AlC thus formed differ from each other and are equal to
0.3840 nm and 0.3874 nm. It should be noted that two phases
(apart from the y-Mn Fee structure) with the perovskite structure
and different parameters, a = 0.384 nm and a = 0.387 nm, have
been also observed in the Mn7Al2C alloy.

The temperature of the congruent melting of Mn3AlC is
2000 K.
The Fe —Al—C system. Figure 31 presents a fragment of the
F e - A l - C ternary system at 1273K.184 The carbide Fe3AlCv

with the perovskite type of structure is formed in this system (see
Table 9); the metal atoms in this compound form an ordered
Fcc-lattice. The corresponding aluminide Fe3Al has a cubic
structure (space group Fm3m) of the BiLi3 or BiF3 (.DO3) type.
This structure consists of four interpenetrating Fee sublattices.
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AI4C3

I \y2-MnAl

MnAU M114AI11

P-Mn(p)

Al

AI4C3
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Figure 30. Isothermal cross-sections through the Mn—Al—C system at
973 K (a) and 1273 K (b) (dark sections denote single-phase regions).183

The aluminium atoms are located at the unit cell vertices and at
the centres of faces, whereas iron atoms occupy the centres of
octahedral and tetrahedral interstices of the aluminium Fcc-
sublattice. As a whole, the atoms in FeaAl populate the same
positions as do the atoms in the eight cells of a body-centred cubic
(Bcc) lattice of the CsCl(52) type. This permits Fe3Al to be
regarded as a superstructure based on a Bcc lattice. The

50

Superstructures

a.+graphite

a+y+K

a-Solution

y + a

50

Figure 31. Fragment of the isothermal cross-section through the
Fe - Al - C system at 1273 K.'M

AT is the ternary compound FesAlC* with the perovskite type of structure;
dark area indicates the region of austenite y-Fe(C).

introduction of carbon into FesAl leads to the formation of the
ternary carbide Fe3AlC with the perovskite type of structure. The
carbide FesAlC has an extended homogeneity region that is
connected to the homogeneity region of austenite y-Fe(C) via a
two-phase region. The ternary compound Fe3AlC.x exists in
equilibrium with FesAl, FeAl, the solid solution of aluminium in
tx-Fe, y-Fe(C), carbon, and possibly with the cementite Fe3C.
The Co—Al—C system. One ternary compound C03AIC.,: with the
perovskite type of structure is formed in the Co—Al—C
system.163-164>166 The proportions of carbon in Co3AlC.v and
FejAlQc are approximately equal (x « 0.6).163-164 The carbide
Co3Ale* is formed via a peritectic reaction of CoAl with carbon
and aluminium melt. The ternary compound O^AIC, forms
pseudobinary equilibria with a-Co (more precisely, with the
limited solid solution of aluminium and carbon in cobalt), CoAl,
C, and probably with AI4C3.
The Ni—Al—C system. In the Ni—Al—C system, the nickel
aluminide Ni3Al [O13AU (LI2) structural type, space group
Pm3m(0l)] has an ordered cubic lattice and dissolves up to
7 at.% of carbon, the symmetry of the metallic lattice being
retained and the period of the lattice increasing from 0.3587 nm
to 0.3617 nm.163164 Thus, the Ni3AlCx phase is an interstitial
solid solution of carbon in M3AI. The structure of this solid
solution is characterised by the same distribution of atoms as in
the carbides M3AIC* with the perovskite structure, which has been
confirmed in a special study.168 The method of forming the
NiaAlQ, solid solution and its crystal structure (the Z.I2 type
with some of the octahedral interstices being filled with carbon
atoms) indicate that the compounds N^AIC^ with the perovskite
structure are interstitial compounds, like the cubic [with the
structure of the NaCl(Bl) type] carbides and nitrides MX,.
(y^l.OO).

It has been found168 that carbon is markedly soluble not only
in NiaAl, but also in NiAl. According to this study, on passing
from Ni3Al to NisAl(Ci.o), the period of the metallic lattice
increases from 0.3557 nm to 0.3583 nm.

3. The ternary M—Al—N aluminidonitride systems
The interest in the use of the compounds and heterophase
compositions formed in the M—Al —N systems as abrasives is
due to their high chemical stability and hardness. In addition, the
ability of the aluminium nitride A1N to retain its high mechanical
properties at elevated temperatures T > 1000 K makes the devel-
opment of construction materials based on it particularly
attractive, since these materials can be used under drastic
conditions, for example, in aggressive media, at high tempera-
tures, and under great loads.

The structural characteristics of the ternary phases formed in
the M—Al—N systems are listed in Table 10.
The Sc - A l - N system. All the alloys formed in the S c - A l - N
systems in which the concentration of scandium is more than
50 at.% contain the SC3AIN* ternary cubic phase with the
perovskite structure.185 The ternary compound Sc3AlNx is in
equilibrium with ScAl, SC2AI, ScN, and Sc(sol) (the solid solution
of Al and N in scandium). In addition, the following pseudo-
binary equilibria exist in the Sc—Al—N system: A1N—ScAU,
AIN-ScAb, AIN-ScN, ScN-ScAl2 , ScN-ScAl, ScN
-Sc(sol), and Sc2Al-Sc(sol) (Fig. 32a). The lattice period of
SC3AIN.V is 0.4396 nm (in equilibrium with ScAl and Sc2Al),
0.4405 nm [in equilibrium with Sc(sol) and ScN], and 0.4435 nm
(in equilibrium with ScN and ScAl). Scandium dissolves up to
15 at.% of nitrogen and more than 5 at.% of aluminium.
The Yl—Al—N system. According to Schuster and Bauer,185 there
are no ternary phases in this system at temperatures from 1073 K
to 1573 K. At 1273 K the yttrium nitride YN coexists with A1N,
YA12, YA1, and Y3AI2, whereas the aluminium nitride A1N
coexists with YA12 (Fig. 32*). At 1573 K the aluminides YA1 and
Y3AI2 disappear from the Y - A l - N system, the A1N + YN
+ YAI2 region being retained as the only solid three-phase region.
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Table 10. Some ternary phases in M - A l - N systems.

Compound

ScjAIN*

La3AlNr

Nd3AlN,r
Nd3AlNv

Sm3AlN*
Ce3Al(N)

Pr3Al(N)

Ti3AlN

Fe4N(Al)
(Fe3AlN)

Ni3Al(N)

Ti2AlNv

Ti3Al2N2

Zr3AlN
Hf3AlN
Zr3AlN

Hf3AlN
Zr5Al3Nx

(0.1 «x«0.S
Hf5Al3N,
Ta5Al3N,

Nb3Al2N

Symmetry and

type of structure

Cubic, the perovskite
CaTiO3 (£2,) type

it

t i

11

11

Cubic, a solid
solution of nitrogen in Ce3Al
[the Cu3Au(£l2) type]

Cubic, a solid
solution of nitrogen in Pr3Al
[the Cu3Au (Ll2) type]

Cubic, the perovskite
CaTiO3 (£2i) type

Cubic, a solid
solution of aluminium
inY-Fe4N(L'l)

Cubic (a solid
solution of nitrogen in Ni3Al
(the Cu3Au(Ll2) type)

Hexagonal (//-phase
the Cr2AlC type)

Trigonal
Monoclinic
11

Orthorhombic, the
type of filled Re3B

11

Hexagonal, the
») type of filled Mn5Si3 (/>88)

"
Tetragonal,

the Cr5B3(i>8/) type
Cubic, the 0-Mn type

a In the unit cell p = 106.39°. b In the unit cell 0 = 106.33°

Space

group

Pmim

Pmim
Pmim
Pniim
Pmim
Pmim

Pmim

Pmim

-

Pmim

Pbijmmc

Pile
-
—

Cmcm

Cmcm
P6i/mcm

Pdilmcm
IAjmcm

P4,i2

Z

1

1
1
1
1
1

1

1

1

1

2

2
-
—
4

4
2

2
4

4

Unit cell parameters / nm

a

0.4396-0.4435

0.507
0.4910
0.4939
0.4862
0.5008

0.4977

0.4120

0.380

0.380

0.2991-0.304

0.2988
0.5988
0.5901
0.3369

0.3319
0.8170-0.8240

0.8062
-

0.7031-0.7039

b

-
—
-
—
—

-

-

-

-

-

-
0.8966
0.8865
1.1498

1.1326
-

-
-

-

c

-
_
—
—
—

-

-

—

-

1.361-1.369

2.335
0.3367 s

0.3319 b

0.8983

0.8865
0.5655-0.5694

0.5603
-

-

Ref.

185

186
187
186
186
186

186

188

189

189

188,
190-192
188
193
194
195

195
193, 194

194
196

174, 196,
197

The Ln—Al—N systems. A study has shownl86 that there are no
ternary phases in the Ln - Al - N systems with Ln = Gd, Tb, Dy,
Ho, Er, Tm, Yb, and Lu. In the La-Al -N, Nd-Al -N, and
Sm —Al —N systems, the Ln3AlN.r ternary phases with the
perovskite type of structure are formed, whereas in the
C e - A l - N and P r - A l - N systems, the Ce3AlNx and Pr3AlN.v
ternary phases based on the aluminides Ce3Al and Pr3Al with

structures of the Cu3Al (LI2) type are formed. The latter result
from filling of the octahedral interstices of the lanthanide
sublattice with nitrogen atoms.

Figure 33 presents the isothermal cross-section through the
P r - A l - N system at 873 K.186 The ternary compound Pr3AlN
coexists with PrAU, PrAl3, PrN, and Pr, the aluminium nitride

ScN

Al ScAl3

SC3AIN,

Sc

A1N YN

Al YA12 Y3AI2

A1N PrN

ScAl2 YA1

Figure 32. Isothermal cross-sections through the Sc—Al—N (a) and
Y - A l - N (A) systems at 1273K (dark areas indicate single-phase
regions).185

PrAL, / PrAl2 PrAl / Pr3Al

PrAlj PrjAl

Figure 33. Isothermal cross-section through the Pr—Al—N system at
873 K (pseudobinary equilibria marked by dashed lines are shown
conventionally).186
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AIN coexists with PrAU, PrAl3, PrAl2, and PrN, and PrAl2 is in
an equilibrium with PrN. The Pr3Al—Pr3AlNx pseudobinary
equilibrium is shown with a dashed line, because the ternary
phase is actually a solid solution of nitrogen in the aluminide
Pr3Al. The equilibria in the PrAl 4 -AlN-PrAl 3 and
PrAl2—Pr3AlNx —Pr3Al regions are shown arbitrarily and
require additional investigation.
The Ti—Al—N system. Numerous studies of the phase relation-
ships in the Ti—Al — N ternary system have shown that depending
on the temperature, two or three ternary compounds can exist in it
under equilibrium conditions. At 1273 K there are two ternary
phases Ti3AlN and Ti2AlN.188 The cubic phase Ti3AlN with the
perovskite structure (see Table 10) is iso-structural to the carbide
Ti3AlC159 and has a negligibly small homogeneity region. The
hexagonal Ti2AlN //-phase has been detected for the first time by
Jeitschklo et al.190 Its existence has been confirmed in other
studies.188-191192 This phase is isostructural to the analogous
Ti2AlC phase169-172 crystallising with the Cr2AlC type of
structure and, judging from the difference in the lattice para-
meters determined in a number of studies,188-19°-191 it possesses a
certain homogeneity region, which is defective with respect to
nitrogen. At 1273 K, the ternary cubic Ti3AlN phase coexists with
Ti3Al, TiNv, and Ti2AlN, whereas the Ti2AlN //-phase is in an
equilibrium with TiAl, Ti3Al, Ti3AlN, TiN,,, and AIN. In
addition, the AIN-TiAl, AIN-TiN,,, and TiN,,-Ti3Al pseudo-
binary equilibria exist in the Ti —Al —N system. The solubility of
aluminium in TiN,. is less than 2 at.%. The lower hexagonal
titanium nitride e-Ti2N does not form any equilibria with ternary
compounds or titanium aluminides; it coexists only with TiN,. and
with the solid solution of aluminium and nitrogen in oc-Ti.

Apart from Ti2AlN and Ti3AlN, the Ti3Al2N2 ternary phase
with a layered trigonal structure (see Table 10) arises in the
T i - A l - N system at 1573K. It coexists with AIN, TiN,., TiAl,
TiAl3, and Ti2AlN (Fig. 34) and exists in the narrow temperature
range 1473-1573 K.
The Zr —Al—N system. The phase equilibria in this system have
been studied.193-l95 The ternary compound Zr3AlN exists in the
Z r - A l - N system at 1273 K (see Table 10). Initially this com-
pound was believed to crystallise with a monoclinic symmetry;193

however, an X-ray diffraction structural study of its single
crystal195 has shown that Zr3AlN has an orthorhombic structure
of the Re3B type. The aluminium atoms in the compound Zr3AlN
are located at the centres of trigonal prisms formed by six

Al TiAl3 \ TiAl TijAl

TijAl,,

ct-Ti

P-Ti Ti

Figure 34. Isothermal cross-section through the Ti —Al —N system at
1573 K (dark areas denote single-phase regions).188

(/)Ti3AlN, C?)Ti2AlN, (J)Ti3Al2N2.

zirconium atoms, whereas the nitrogen atoms are arranged in the
weakly distorted octahedral interstices of the zirconium sublat-
tice. The formation of the second ternary phase ZrsAl3N.x is
associated with the stabilisation of the hexagonal structure of the
Mn5Si3 type with nitrogen; at 1273 K the nitrogen content in
Zr5Al3Nx is low (x < 0.2).

At a temperature of 1273 K the compound Zr3AlN exists in
equilibrium with AIN, Zr2Al3, ZrAl, Zr5Al3N.t (x < 0.2), ZrN,.,
and a-Zr(sol) (the solid solution of aluminium and nitrogen in
oc-Zr); the aluminium nitride coexists with ZrAl3, ZrAl2, Zr2Al3,
and ZrN,,; the ZrsAbN* phase exists in equilibrium with ZrAl,
Zr5ALi, Zr3Al2, ZrsAl3, Zr2Al, and a-Zr(sol); and ZrN, is in
equilibrium with ot-Zr(sol) (Fig. 35a). Note that in a study of the
Z r - A l - C system, Schuster and Nowotny177 did not find such
zirconium aluminides as Zr2Al, ZrsAU, and ZrsAl3, which have
been observed in the related Zr — Al — N ternary system.193

An increase in the temperature to 1573 K leads to a substan-
tial extension of the homogeneity region of the ZrsAl3N ternary
phase, which contains up to 10 at.% of nitrogen under these
conditions. At 1573 K the appearance of the phase diagram of the
Zr —Al —N system (Fig. 35i) changes somewhat, since
the ZrN,.-ZrAl2 , ZrN,.-Zr2Al3 , ZrN,,-Zr5Al3N, Zr2Al3

-Zr5Al3N, ZrAl-Zr5Al3N, and Zr5Al3N-p"-Zr(sol) pseudo-
binary equilibria arise [P-Zr(sol) is the solid solution of alumin-
ium in P-Zr].
The Hf—Al—N system. Only one stable ternary phase exists in
this system at 1273 K, namely, the HfjAIN phase with a
monoclinic structure determined using a powder.194 A single-
crystal X-ray diffraction study195 has shown that Hf3AlN has an
orthorhombic structure of the Re3B type. The Hf3AlN phase
coexists with HfN,, AIN, Hf2Al3, HfAl, Hf4Al3, Hf3Al2, and
<x-Hf(sol) (the solid solution of aluminium and nitrogen in
hafnium, Fig. 35c). The line connecting HfNv and a-Hf(sol)
confines the possible area of the existence of the nitrides
Hf4N3_.v and Hf3N2_*, which are unstable at 1273 K.

The X-ray diffraction patterns of the samples, the com-
positions of which corresponded to the Hf2Al3 —Hf3AlN—HfAl
region, exhibited an additional set of reflections due to a fourth
phase.194 In all probability, this phase exists in the equilibrium
state only at lower temperatures or is stabilised by admixtures.

Two ternary phases Hf3AlN and HfsAl3N exist in
the H f - A l - N system at 1673K (Fig. 35rf). The Hf5Al3N
phase has a structure of the MnsSi3 type; its unit cell parameters
(a = 0.8062 nm, c = 0.5603 nm) are smaller than those of the
analogous carbide phase HfsAl3C (a = 0.8120 nm, c =
0.5679 nm). It follows from the comparison of the unit
cell dimensions of Zr5Al3C and Zr5Al3N, Hf5Al3C and Hf5Al3N
that nitrogen occupies only some of the octahedral interstices of
the transition metal sublattice. It should be noted that the
HfsAl3N and Hf3AlN ternary phases have no homogeneity
regions.
The V—Al—N system. In the temperature range from 1273 to
1773 K no ternary compounds exist in this system, although the
attempts to synthesise the nitride V2A1N with a structure of the
//-phase have resulted in some cases in multiphase samples, the
X-ray diffraction patterns of which contained lines due to the
//-phase.198 However, the observed lattice parameters were close
to those of the carbide V2A1C //-phase. In addition, the sample
containing the //-phase was nonequilibrium and incorporated
more than three phases. The Vo.5oAlo.2sNo.25 alloy corresponding
to the ideal stoichiometric composition of the //-phase contained
only the nitrides VN,, and AIN even at a nitrogen pressure of
3 x 106 Pa. Thus, no ternary phases were detected in the
V—Al—N system in the experiment described above.198

At T= 1273 K the aluminium nitride AIN is in equilibrium
with VA13, V5A18, VN,., and V(sol) [V(sol) is the solid solution of
aluminium and nitrogen in vanadium]; VN,, and V9N4 exist in
equilibrium with V(sol). At 1573 K the cubic nitride VN,, does not
exist, therefore the AIN —V9N4 equilibrium arises. The V(sol)
solid solution existing in equilibrium with AIN and V9N4 has the



Phase equilibria in the M-X-X' and M-Al-X ternary systems and crystal chemistry of ternary compounds 409

A1N ZrNv

a-Zr(sol)

P-Zr(sol)

ZrAl2 ZrAl \Zr3Al2

Zr5ALi Zr5Al3 Zr2Al

A1N

HfAl2

Hf3Al2

Figure 35. Isothermal cross-sections of the Zr — Al — N system at 1273 K
(a)and 1573K(6)andoftheHf-Al-Nsystemat 1273K(c)and 1673K
(rf).193194 Dark areas denote single-phase regions; pseudobinary

A1N

Al ZrAl3/Zr2Al3

ZrAl2 ZrAl

A1N

A! HfAW Hf2Al3
x

HfAl2 HfAl Hf3Al2

equilibria marked by dashed lines are shown conventionally;
7*i = M3A1N, T2 = M5AI3N (M = Zr, Hf).

composition Vo.e7Alo.33. At 1773K the A1N + V9N4 + V(sol)
field is the main region where ternary phase equilibria exist. The
solubility of nitrogen in the V(sol) solid solution with high
aluminium proportions is low, but it increases markedly with the
decrease in the amount of aluminium. The homogeneity region of
the V(sol) solid solution expands with an increase in the tempera-
ture.
The Nb —Al —N system. The phase equilibria in the Nb—Al —N
system have been studied by Schuster and Nowotny.197 The
samples for the investigation were prepared by sintering Nb—Al
alloys with the nitrides A1N and NbN under an argon atmosphere.
Previously the ternary compound NbsAhN with a structure of the
P-Mn type has been found in this system.174196 According to
Schuster and Nowotny,'97 this compound is stable in the
temperature range from 1273 to 1773 K studied and melts
congruently. The compound NbsAbN exists in equilibrium with
A1N, Nb2N, NbAb, and Nb2Al; the nitride A1N is in equilibrium
with NbAb and with the niobium nitrides Nb4N3 and Nb2N; and
NbjN also coexists with NbjAl, Nb3Al, and the solid solution of
aluminium and nitrogen in niobium (Fig. 36a). The solubility of
Nb or Nb-containing compounds in A1N is negligibly small. The
compound NbsA^N has apparently a narrow homogeneity
region, since the period of its lattice varies from 0.70314 nm (in
equilibrium with Nb2Al and Nb2N) to 0.70387 nm (in equilibrium
with NbAl3 and Nb2Al).

The nitride NbN,. becomes stable at 1273 K, and the
A1N —NbN, equilibrium arises instead of A1N —Nb4N3. In all
other aspects, the phase diagram for the Nb—Al —N system at
1273 K is identical to that at 1773 K.

The Ta—Al—N system. The ternary compound TasAhN* with a
structure of the CrsB3 type having vacancies in the nitrogen
sublattice has been found in the Ta—Al —N system.196 However,
in another study197 no ternary compounds have been observed in
this system at temperatures from 1273 to 1773 K. The following
pseudobinary phase equilibria occur in this system at 1273 K and
1523K: AlN-TaAl 3 , AlN-Ta 2Al 3 (as the low-temperature
modification at 1273 K and as the high-temperature modification
at 1573K), AlN-Ta2Al, AlN-Ta 2 N, and AlN-s-TaN
(Fig. 366).

At low temperatures A1N coexists with tantalum, but the
reaction between A1N and Ta slowly yields Ta2N and Ta2Al. At
1773 K the major part of the ternary system is liquid, and the melt
is in an equilibrium with all the binary solid phases.
The Cr —Al—N system. This system contains no ternary phases
under the equilibrium conditions in the temperature range 1273 -
1773 K.198 The X-ray diffraction patterns of the samples, the
composition of which was close to C^AIN, exhibited reflections
corresponding to a ternary compound of this composition with a
structure of the //-phase. Nevertheless, an equilibrium //-phase
could not be detected in the Cr — Al — N system even at a nitrogen
pressure of 3 x 106 Pa. Four solid-phase equilibria exist in this
system at 1273 K, namely, AlN-CrAl 4 , AlN-Cr 4 Al 9 ,
AlN-Cr5Al8 , and AIN-a-Cr (a-Cr is the solid solution of
aluminium in chromium having the composition
Cro.58Alo.42 — Cro.98Alo.o2). Chromium is insoluble in A1N.
The Mo—Al —N system. Two solid three-phase fields
(Mo3Al8 + A1N + M03AI) and (M03AI + A1N + Mo) exist in
the Mo —Al —N system in the temperature range
1273-1773 K.198 Molybdenum is insoluble in A1N, and nitrogen
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N

Y-Nb4N3

P-Nb2N

M NbAl3 Nb2Al \

Nb3Al
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Figure 36. Isothermal cross-sections of the Nb—Al —N system (a) at
1773 K and the T a - A l - N system (b) at 1523K (dark areas denote
homogeneity regions of binary phases and of solid solutions).197

is insoluble in the molybdenum aluminides. The molybdenum
nitride M02N becomes stable at low temperatures or at high
partial pressures of nitrogen (for example, at 1273 K and
1 x 106 Pa). The molybdenum nitride M02N apparently exists in
equilibrium with A1N. No ternary phases have been found in the
Mo—Al — N system.
The W—Al —N system. There are two pseudobinary solid-phase
equilibria, namely, AIN-WAU and AIN-W(sol) [W(sol) is the
solid solution of aluminium in tungsten], and no ternary com-
pounds in the W—Al — N system at temperatures from 1273 K to
1773K. The solubility of tungsten in A1N and the solubility of
nitrogen in WAU and W(sol) are negligibly small.
The Mn—Al—N system. No ternary phases exist in the
M n - A l - N system at 873 K; the Mn88.4Al9.8Ni.8 and
Mn68.1Al29.2N27 alloys studied have a cubic structure of the
P-Mn type with the periods a equal to 0.637 nm and 0.643 nm,
respectively, and the Mn75.9Al8.3Nis.8 alloy incorporates two
cubic phases, one of which has a = 0.900 nm and a structure of
the P-Mn type, and the other is characterised by a = 0.637 nm and
the a-Mn type of structure (the A12 structural type, space group
/43m).189

Schuster and Nowotny 198 also have not found any ternary
phases in the Mn — Al — N system at temperatures of up to 1273 K.
At 1073 K the nitride A1N coexists with MnAl4, Mn4Ali 1, MnAl,
p-Mn (the solid solution of aluminium in manganese), y-Mn (the
solid solution of aluminium and nitrogen in manganese), and with
the hexagonal nitride £-Mn2N. Neither solubility of manganese in
A1N or solubility of nitrogen in manganese aluminides was
observed, while y-Mn dissolves up to 10 at.% of aluminium and
8 at.% of nitrogen. The only solid-phase equilibrium existing at
1273 K is the equilibrium between A1N and P-Mn.

The Re—Al —N system. There are no ternary phases in the
Re —Al —N system in the temperature range from 1273 to
1773 K at a nitrogen pressure of 2xlO7Pa.198 At 1273 K
aluminium nitride exists in an equilibrium with ReALi, ReAb,
ReAl, Re2Al, and Re. Only two aluminides ReAU and Re2Al
coexisting with A1N are stable at 1773 K.
The Fe - Al - N system. No ternary compounds were found in this
system after nitriding the metal alloys at 873 K.189

The Fes7Ali9N24 (FesAlNi + .v) alloy contains only the hexagonal
iron nitride e-Fe3N with the parameters a = 0.276 nm and
c = 0.442 nm and contains no aluminium nitride A1N. The alloy
of the composition Fe63.9Al2i.3Ni4.8 (Fe3AlNi_x), apart from
6-Fe3N (a = 0.273 nm, c = 0.438 nm), incorporates also the
cubic austenite y-Fe (the Al structural type, space group Fm'im)
with a = 0.356 nm. The main phases in the Fe35.8Al35.8N28.4
(FeAlNi_.v) alloy are the hexagonal nitrides s-Fe3N
(a = 0.273 nm, c = 0.439 nm) and A1N. Finally, the cubic iron
nitride y'-Fe4N (the L' 1 structural type) with the unit cell period
a = 0.380 nm and the hexagonal aluminium nitride A1N
[the wurtzite ZnS (B4) structural type, space group P63mc] are
present in the alloy of composition Fe43.iAl43.iNi3.8 (FeAlNo.32).
The results obtained by Stadelmaier and Yun 189 indicate that
y'-Fe4N dissolves substantial amounts of aluminium, and the
homogeneity region is extended forming a ternary system.
The Co—Al—N system. There are no ternary compounds in this
system.189 The aluminium nitride is in an equilibrium with oc-Co
and with the only stable cobalt aluminide P-CoAl.
The N l - A l - N system. In this system, the dissolution of up to
8 at.% of nitrogen in the cubic nickel aluminide Ni3Al (the LI2
structural type, a = 0.358 nm) leads to the formation of the
ternary cubic phase Ni3AlNx (the Z/l2 structural type) with the
lattice period a = 0.380 nm.189

4. The ternary M —Al — Si aluminidosilicide systems
The ternary systems of transition metals with silicon and
aluminium have been studied with regard to their resistance to
oxidation at high temperatures and the possibility of using them
for protective coatings. A characteristic feature of M - A l - S i
systems is the ability of aluminium and silicon atoms to substitute
each other, which leads to continued solid solutions (or limited
solid solutions with high mutual solubilities) of silicides and
aluminides. In particular, continued or limited solid solutions
arise in those systems where the silicides MSi2 and MsSi3 are
formed. Virtually no ternary phases with filled structures of the
MnsSi3 type, which are highly typical of the M —B —Si,
M - S i - C , M - S i - N , M - A l - C , and M - A l - N systems, are
produced in the M — Al — Si systems. Nevertheless, ternary phases
with the Mn5Si3 type of structure and with vacant octahedral
interstices appear in the Zr—Si and Hf — Si systems in the presence
of aluminium.

The structural characteristics of the ternary phases formed in
the M — Al — Si systems are listed in Table 11.
The Ti—Al—Si system. The phase equilibria and the crystal
structures of the compounds formed in this system have been
studied in a number of works.199"201 The alloys were prepared by
sintering the powders and were annealed at 1473 K. The
(Ti,Si)2-3Al ternary phase with a structure of the Mg3Gd (BiF3)
type was found in the Ti—Al — Si system. The homogeneity region
of this phase is located from TJ2A1 to Ti3Al, and it dissolves up to
5 at.% of silicon. A slight amount of silicon (no more than
2 at.%) is also dissolved in the y-TiAl solid solution [the
CuAu(Ll0) structural type, space group P4/mmm]. A limited
substitution solid solution containing up to 12 at.% of silicon is
also formed based on the tetragonal aluminide TiAU (the DO22
structural type, space group I4/mmm). The orthorhombic dis-
ilicide TiSi2 (the C54 structural type, space group Fddd) dissolves
up to 5 at.% of aluminium. The hexagonal disilicide TisSi3 with
the MnsSi3 type of structure also dissolves up to 5 at.% of
aluminium, some of the aluminium atoms substituting the silicon
atoms and the rest filling the octahedral interstices. The ternary
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Table 11. Some ternary phases in M - A l - S i systems.

Compound Symmetry and
type of structure

Space
group

Unit cell parameters / nm Ref.

TiAl.vSi2-v
(* = 0.3-0.6)
[Ti(Si, Al)2]

Ti2AlSi3

Ti2AlSi3

Ti7Al5Sii2

Ti2_3Al(Si)

Zr(Si,Al)
(ZrAlO3Sio.7)

Zr(AI,Si)3

Zr2Al5Si
Zr3Al4Si5

Zr2Al-Zr2Si

Zr5Al3-Zr5Si3

Zr(Al)Si2

HfAlo.35Sio.65

Hf5(Si,Al)3

Hf2Al-Hf2Si

VAl.vSi2-.v
(x = 0-0.7)

NbAlo.6Sii.4
[Nb(Si,Al)2]

Nb5AlvSi3_Y

(x= 1.8-1.4)
[Nb5(Si,Al)3]

TaAlvSi2-v

(x = 0-0.9)
[Ta(Si,Al)2]

Cr4Al13Si4

M0AI1.3S10.7

MoAlvSi2_.T

(.Y = 0.3-1.0)
[Mo(Si,Al)2]

MoAISi
Mo(Si,Al)2

Mo3Al-Mo3Si

[Mo3(Al,Si)]
WAl.vSi2-.v

(x = 0.6-1.4)
[W(Al,Si)2]

Orthorhombic (pseudo- Cmcm
tetragonal),
the ZrSi2 (C49) type

Orthorhombic, Cmcm
the ZrSi2 (C49) type

Tetragonal, —
the ZrSi2 (C49) type

Cubic, Fmbm
the BiLi3 [BiF3 (£>03)] type

Orthorhombic, Cmcm
the CrB [£/(S33)] type,
high-temperature

Orthorhombic, Pnma
the FeB (527) type,
low-temperature

Tetragonal, I4/mmm
the TiAl3 (£022) type

" IAjmrnm
Tetragonal I4\/amd
Tetragonal, I4/mcm

the CuAl2 (C16) type, CSSS a

Hexagonal, P6)/mcm
the Mn5Si3 (O88) type

Orthorhombic, Cmcm
the ZrSi2 (C49) type,
LSSaof AlinZrSi2

Orthorhombic, Cmcm
the CrB [S/B33)] type

Hexagonal, P6i/mcm
the Mn5Si3 (£>88) type

Tetragonal, 14/mcm
the CuAl2 (C16) type, CSSSa

Hexagonal, P6222
the CrSi2 (C40) type,
LSSaofAlinVSi2

Orthorhombic, Fddd
the TiSi2 (C54) type

Tetragonal, T4/mcm
the W5Si3 (D%m) type

Hexagonal, f6222
the CrSi2 (C40) type

Hexagonal, —
the Mn3Al9Si type

Orthorhombic, Fddd
the TiSi2 (C54) type

Hexagonal,
the CrSi2 (C40) type

Tetragonal, 14/mmm
the a-MoSi2 (Cl U) type,
LSSaofAlinMoSi2

Cubic, Pmln
the W3O(A 15) type, CSSS

Cubic, Pm3n
theW3O(/415)type

Hexagonal, P6222
the CrSi2 (C40) type

0.3590-0.3618 0.3590-0.3618 1.3517

2

2

4

2

4

4

2

4

3

0.5520

0.392-0.400
0.371

0.372

0.3714

0.8239

0.4618-0.4722

0.4709
0.3199

0.4923

0.4696-0.4741

1.473

0.9890

0.4566-0.4608

0.8402 0.4901

1.016-1.021 -

0.4773-0.4800

0.4783

0.9008

199,200

4

4

4

4

0.3635

0.360

0.3570-0.3645
-

0.3762-0.3788

1.419

0.360

-

0.9912-1.007

0.3613

1.353

2.715-2.865
-

0.3754-0.3788

201

201

201
199,

200.

200

202

200, 202

200, 202

0.8938-0.8960
2.935
-

-

0.3663

0.3754

-

-

0.6372-0.6439

0.8794

0.508

0.6558-0.6635

-

0.8758

0.6563

0.6556
0.7847

-

-

0.6556-0.6615

201
201
201

200, 201

201

200, 202

200

200,202

203, 204

204, 205

204, 205

206

207

199

208, 209

210
209,210

210

210

206
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Table 11 (continued).

Compound Symmetry and

type of structure

Space

group

Z Unit cell parameters / nm

a b c

A I Gusev

Ref.

Mn3Al2Si4

(MnAlo.75Sio.2s)
Mn3Al4Si2

(MnAli.3Sio.7)
p-Mn3Al9Si
Mn3Al9Si
Mn3AlSi5

ot-Mn3Al2]Si5
y-Mn2Al2Si
5-Mn(Si,Al)4

Fe2Al9Si2

(FeAlsSi,
m-AlFeSi)

FesAl20Si2

(Fe3Al,2Si,
c-AlFeSi)

Fe5Al20Si2

(a-AlFeSi)
a-AlFeSi

(Fe5Alt9Si2)
7-AlFeSi

(Fe,8Al6oSi22)
Fe3(Al,Si)

FeAl4Si2

(/-AlFeSi)
FeAl3Si2

(FeAl2,7Si2.3)

Co3Al3Si4

Co2AlSi2

NiAlo.5Sio.5

Ni3(Al,Si)7

Hexagonal,
the CrSi2 (C40) type

Orthorhombic,
the TiSi2 (C54) type

Hexagonal

—

—

Monoclinic

Cubicc

"

Hexagonal

Monoclinic

Cubic,
the Fe3Al type with
ordering of aluminium
and silicon

Tetragonal

Orthorhombic,
isostructural to PdGas,
but is a superstructure

Cubic,
the Ir3Ge7 (Di/) type

Hexagonal,
the Ni2Al3 (£>5]3) type

Cubic,
the FeSi {B20) type

Cubic,
the Ir3Ge7 (D8/) type

P6222

Fddd

Cdlmmc

3

8

2
2

0.4475

0.7889

0.7513
0.7519

0.6122

1.2548

/m3

-

-

-

—

Pbcn

lniim

Pim\

/>2,3

lniim

—

-

-

-

—

4

4

1

4

4

1.256

1.23

1.78

0.5685

0.6122

0.6011

0.8091

0.387-0.391

0.4537

0.8291

0.4570

0.7500

0.6122

0.6427

0.8506

0.7745
0.7768-0.7722
—
—
—
—
4.1484 b

201,

201,

201,
212
201
211
211
211
213

211

211

211

1.0.25

0.6122

213

a The following designations are used: CSSS is a continuous series of solid solutions; LSS is a limited solid solution.b In the unit cell a = 91 °.'
cell of the aluminosilicide FesAl2oSi2 incorporates 138 atoms (100 aluminium atoms, 24 iron atoms and 14 silicon atoms). d In the unit cell a :

_

2.62

0.89 d

-

0.9479

0.9525

-

0.4750-0.4791

-

-

leunitcella = 91°.
6 In the unit cell a

214

215

215

216

213

217

218

218

219

219

c The unit
= 132°.

pseudotetragonal (orthorhombic) TiAlo.3-o.6Si1.7-1.4 phase
[Ti(Si,Al)2] has a structure of the ZrSi2 type and possesses a
significant homogeneity region.

A titanium silicide containing ~45 at.% of silicon and
dissolving considerable amounts of aluminium has also been
found. This compound has been reported to be a solution of
aluminium in TisSi4.201 The same authors 201 also showed that the
orthorhombic silicide TiSi [the FeB (B27) structural type, space
group Pnma] dissolves up to 8 at.% of aluminium. One more
unknown ternary compound has been detected near the Ti(Si,Al)2
ternary phase;200 its composition has been determined as
Ti7Al5Si12.

201 This compound is stable at least up to 1173K;
with allowance for the data of Schob et al.,200 it is stable up to
1473 K.
The Zr—Al—Si system. The phase equilibria in the Zr—Al —Si
system have been studied at 973 K201 and at 1273-1473 K.200-202

Two ternary phases exist in this system at 1473 K, namely, the
orthorhombic Zr(Si,Al) phase and the tetragonal Zr(Al,Si)3
phase. The ideal composition of the ternary tetragonal phase
was determined 201 to be Z^AlsSi. One more ternary compound

with a narrow homogeneity region was found in this
system at 973 K.

Continued solid solutions are formed in this system over the
Zr2Al—Z^Si pseudobinary cross-section. It has been reported 200

that the mutual solubility of the components over the
ZrsAb — ZrsSi3 cross-section is absent only in a narrow region
near ZrsSi3; according to another study,201 the mutual solubility is
infinite. Limited solid solutions of silicon in ZrAb (up to 5 at.%)
and of aluminium in ZrSi2 (up to 8 at.% 200 or up to 24 at.% 201)
are also formed in the Zr—Al — Si system.

At 973 K aluminium is highly soluble in the silicide ZrSi
substituting both zirconium and silicon up to the composition
Zro.33Alo.33Sio.34. The high-temperature modification of this
solution has the CrB type of structure, whereas the low-tempera-
ture modification crystallises with the FeB type of structure.
The Hf — Al — Si system. The isothermal cross-section through the
H f - A l - S i system at 1473K has been constructed.200 The
ternary compound Hf(Si,Al) (HfAlo.35Sio.65) with the orthorhom-
bic structure of the CrB type was found in this system. A
continuous series of solid solutions is formed over the
Hf2Al —Hf2Si pseudobinary cross-section. The Hfs(Al,Si)3
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ternary phase with a structure of the Mn5Si3 (DSg) type possesses
an extended homogeneity region, although there are no com-
pounds M5X3 with the MnsSi3 type of structure in the Hf — Al and
Hf—Si binary systems. Thus, in the presence of aluminium, there
is no need for boron, carbon, or nitrogen admixtures to stabilise
the DS& structural type. The silicide Hf3Si2 dissolves aluminium
yielding a solid solution of the composition HftAlo.sSii.s. Limited
solid solutions of silicon (up to 10 at.%) in HfAl3 and of
aluminium (up to 10 at.%) in HfSi2 are also formed. The
Hf(Si,Al) ternary phase with a structure of the CrB type is in an
equilibrium with HfAb (the ZrAl3 type) and with the silicides
Hf3Si2 and HfSi.
The V —Al —Si system. No ternary compounds have been found
in the V — Al — Si system.203-204 Vanadium disilicide VSi2 dissolves
substantial amounts of aluminium, which substitutes silicon thus
yielding a limited solid solution with the CrSi2 (C40) type of
structure. The composition of the solid solution with the highest
aluminium content can be written as V(Sio.67Alo.33)2- The unit cell
parameters of the solid solution increase with an increase in the
content of aluminium.
The Nb—Al —Si system. There are two ternary phases in the
N b - A l - S i system at 1673 K, namely, Nb5(Al,Si)3 with a
tetragonal structure of the W5Si3 (DSm) type and Nb(Si,Al)2 with
an orthorhombic structure of the TiSi2 (C54) type.204-205 These
phases are in equilibrium with each other and have homogeneity
regions in which silicon is substituted by aluminium. The
tetragonal silicide NbsSi3 with the CrsB3 (Z>8/) type of structure
dissolves up to 18 at.% of aluminium; further increase in the
aluminium content leads to the transition from the Nbs(Si,Al)3
substitution solid solution with the Cr5B3 type of structure to the
Nbs(Al,Si)3 ternary phase with the WsSi3 structure. A substitution
solid solution containing up to 10 at.% of aluminium is also
formed based on the silicide NbSi2 with the CrSi2 (C40) structure.
The aluminide NbsAl [the W3O (A 15) structural type, space group
Pm3n] dissolves up to 7 at.% of silicon thus yielding a substitution
solid solution. The ternary cr-phase containing up to 2 at.% of
silicon may be regarded as a solid solution of silicon in niobium
aluminide in the region between Nb2Al and Nb3Al.
The Ta — Al — Si system. The isothermal cross-section through the
Ta—Al — Si system at 1673 K has been constructed.206 No ternary
compounds were found in this system. On the basis of tantalum
silicides, limited solid solutions are formed in which silicon is
substituted by aluminium: Ta2Si dissolves 9 at.% of Al; TasSi3

with the \V5Si3 structure dissolves up to 20 at.% of Al (as a
consequence, the unit cell parameters of TasSi3 increase some-
what); and TaSi2 with a structure of the CrSi2 (C40) type dissolves
more than 20 at.% of aluminium. A solid solution with a low
silicon content (up to 2 at.%) is formed on the basis of the o-phase
having the homogeneity region from Ta2Al to Ta3Al.
The Cr-Al - S i system. The phase equilibria in the C r - A l - S i
system have been studied at 1573K.204 There are no ternary
compounds in this system, but the silicides C^Si [the W3O (A 15)
structural type], Cr5Si3 [the W5Si3 (£>8m) structural type], and
CrSi2 dissolve 12, 7, and 22 at.% of aluminium, respectively. The
solid solutions resulting from the substitution of silicon by
aluminium retain the crystal structures of the chromium silicides.
The extended solid solution of aluminium in chromium also
dissolves up to 4 at.% of Si. It has been reported207 that the
ternary cubic compound Cr4AlnSi4 having a homogeneity region
is formed from the Cr—Al —Si melt (see Table 11). This com-
pound is stable at temperatures below 870 K, and at 870 K it melts
incongruently.

The Mo—Al—Si system. The phase equilibria and the ternary
phases existing in the Mo—Al —Si system have been studied by a
number of authors. 199'204i208~210 Two ternary compounds were
found: Mo(Si,Al)2 with the hexagonal structure of the CrSi2 (C40)
type, having a broad homogeneity region from MoAlo.3Sii.7 to
MoAISi, and Mo(Si,Al)2 with a rhombic structure of the TiSi2
(C54) type and a narrow homogeneity region (see Table 11). A
continuous series of cubic solid solutions with the ,415 type of

structure are formed over the Mo3Al —Mo3Si pseudobinary
cross-section. The silicide MosSi3 dissolves up to 12 at.% of
aluminium, which substitutes silicon. The limited solid solution
of aluminium in MosSi3 with the highest content of aluminium
(Mo5Si2Al) exists in equilibrium with a solid solution of the
composition M03Alo.77Sio.23 from the Mo3Al —Mo3Si continu-
ous series of solid solutions.
The W—Al — Si system. The isothermal cross-section through the
W - Al - Si system at 1773 K has been reported.206 The tetragonal
silicides W5Si3 and WSi2 dissolve 4 at.% and 15 at.% of
aluminium, respectively, thus forming the Ws(Si,Al)3 and
W(Si,Al)2 limited solid solutions; a limited solid solution of
aluminium and silicon in tungsten also exists in the W—Al —Si
system. In addition, there exists the W(Al,Si)2 hexagonal ternary
phase with the CrSi2(C40) structure. It possesses a broad
homogeneity region from WAlo.6Sii.4 to \VAl1.4Sio.6, the unit cell
parameters increasing as the content of silicon decreases (see
Table 11). The W(Al,Si)2 hexagonal ternary phase is in equilib-
rium with aluminium and silicon, with the Ws(Si,Al)3 and
W(Si,Al)2 limited tetragonal solid solutions [the a-MoSi2 (Cl U)
structural type], and also with WAI2 and with tungsten [more
precisely, with the limited solid solution of aluminium (~2 at.%)
and silicon (~ 8 at.%) in tungsten].
The Mn — Al—Si system. Six ternary phases exist in this system at
1073 K,211 namely, y-M^AbSi, MnAli.3Si0.7 (near Y-Mn2Al2Si),
MnAlo.75Si1.25 (Mn3Al2Si4) with the CrSi2(C40) type of structure,
a-Mn3Al2iSis, 8-Mn(Si,Al)4, and Mn3Al9Si with a hexagonal
structure (see Table 11). The Mn3Al9Si ternary phase results from
the dissolution of silicon in Mn3Alio and is apparently an ordered
solid solution of silicon in this compound [silicon atoms replace
only those aluminium atoms, which occupy the 2(a) sites]. It has
been shown211 that MnSi dissolves up to 3 at.% of aluminium;
however, in another study,201 the solubility of aluminium in MnSi
has been found to reach 20 at.%. The silicide Mn3Al9Si exists in
an equilibrium with y-M^A^Si, Mn3Al2Si4, and 8-Mn(Si,AI)4.
The Mn3Al2Si4 ternary phase forms pseudobinary equilibria with
y-Mn2Al2Si and 5-Mn(Si,Al)4, whereas 8-Mn(Si,Al)4 is in an
equilibrium with a-Mn3Al2iSi5.
The Fe - Al - Si system. The Fe - Al - Si system has been studied
repeatedly. The superstructure Fe3(Al,Si) has been discovered in
the homogeneity region of the solid solution of aluminium and
silicon in iron.216 The solid solution of iron and silicon in
aluminium is in equilibrium with two ternary phases: FesAl2oSi2
(which has also been written as FesAli9Si2, Fe3Ali2Si, and oc-
AlFeSi) with a cubic213-214 or hexagonal215 structure and the
monoclinic213 Fe2Al9Si2. Other ternary phases are also known
(see Table 11).

The compounds FeAUSi2 and FeAl3Si2 ought to be identical,
in view of the similarity of their unit cell dimensions. However, it
has been found217 that the lattice of FeAbSi2 is a superstructure
with respect to the tetragonal disordered phase of the same
composition isostructural to PdGas.

The great number of ternary compounds with similar compo-
sitions and close unit cell dimensions indicates that the majority of
the ternary phases in the Fe — Al — Si system possess homogeneity
regions. It is of interest that most of the ternary phases contain
from 14 at.% to 25 at.% of iron.
The Co—Al —Si system. Two ternary phases have been found in
this system:218 C03AI3S14 with a cubic structure of the Ir3Ge7(Z>8/)
type and Co2AlSi2 with a hexagonal structure (see Table 11). In all
probability, the Co2AlSi2 ternary phase exists in equilibrium with
CoSi and Co3Al3Si4. Judging by the substantial alteration of unit
cell parameters, Co2AlSi2 possesses a noticeable homogeneity
region. The cobalt atoms in the Co3Al3Si4 cubic ternary phase
occupy the 12(e) sites, while the aluminium and silicon atoms are
likely to be statistically distributed among the I2(d) and 16(/)
sites; the predominant location of the aluminium atoms at the
\2(d) sites, with the silicon atoms filling predominantly the 16(/)
sites, should lead to a superstructure based on the Ir3Ge7
structural type.
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The Ni —AI—Si system. Three ternary phases exist in this system
at 1000 K:219'220 Ni4AlSi (there is no information concerning its
structure), NiAlo.sSio.s, and Ni3(Al,Si)7 with a high content of
aluminium (see Table 11). The NiAlo.sSio.s ternary phase is in
equilibrium with all the nickel silicides, with the aluminide NiAl,
and with the Ni3(Al,Si)7 and Ni4AlSi ternary phases; Ni4AlSi is in
equilibrium with the aluminides NiAl and NisAl and with the
silicide Ni3Si, and Ni3(Al,Si)7 coexists with silicon, aluminium,
NiAl3, Ni2Al3, and NiSi2. At temperatures above 1370 K all the
alloys in the Ni—Al—Si system containing less than 50 at. % of Ni
are in the molten state.

VI. Phase equilibria in X — X' — X" ternary systems
(X, X', X" = B, C, N, Si, Al)

The overwhelming majority of the currently existing oxygen-free
ceramic materials are multicomponent systems and, apart from
metals, they contain such elements as B, C, N, Si, or Al. Therefore,
for understanding the equilibria in complex multicomponent
systems, it is important to know what compounds and phase
equilibria exist in simpler ternary systems formed by boron,
carbon, nitrogen, silicon, and aluminium. The X—X'—X"
ternary systems (X, X', X" = B, C, N, Si, Al) are constituents of
M—X—X' —X" four-component systems containing transition
metals M. The X —X' —X" ternary systems have not been
adequately studied so far, and phase diagrams have not been
constructed for all of them. The crystal-chemical characteristics of
the ternary compounds found in these systems are listed in
Table 12.
The S i - B - C system. The phase equilibria in the S i - B - C
system have been studied at temperatures of 1973 K and
2173 K.229 At these temperatures, the silicon carbide SiC exists in
an equilibrium with the silicon melt, with the boride SiB6, and
with the carbides B4C and B13C2; and the boron carbides coexist
with SiB6 and SiBi2+* (Fig. 37a). The SiC-B4C pseudobinary
cross-section is an eutectic system. The composition of the
eutectics is close to SiBsC2 and its melting point is ~2530K.
These data are in good agreement with the results obtained by
Dokukina et al.230 As the temperature increases to 2273 K, the
SiC —SiB6 equilibrium disappears, and the carbide B13C2 coexists
with the silicon and boron melt (Fig. 37Z>).

The authors of a number of studiesS1-229- 23° of the Si - B - C
system have not found the ternary compounds SiBsC2 and
Si2B3C2, which have been reported by Portnoi et al.231

The S i - C - N system. The phase equilibria in the S i - C - N
system have been studied at 1900K and 2000 K at a nitrogen
pressure of 1 x 105 Pa.232-233 At 1900K the silicon nitride Si3N4

exists in equilibrium with the silicon carbide SiC, cyanogen C2N2,
and carbon (Fig. 37c). As the temperature increases, the nitride
Si3N4 reacts with carbon yielding the carbide SiC; therefore, the
SiC-C 2N 2 equilibrium arises instead of S i 3 N 4 -C (Fig. 31d).
The carbide P-SiC forms the nitride Si3N4 on heating in nitrogen
[ r=2273K,p N 2 = ( l - 3 0 ) x l 0 5 P a ] . 2 3 2

The possible phase equilibria involving the carbon nitride
P-C3N4 are shown by the dashed lines in the isothermal cross-
sections through the Si—C—N system (Fig. 37c,d). This com-
pound, the existence of which had been predicted,26 '28234 has
been recently discovered experimentally.20

Data concerning the existence of the ternary compounds
Si2C2N and Si3C3N have found no support. A number of
researchers, who have studied this system, have not found any
silicon carbonitrides.232-233'235

The Al—Si—C system. Several ternary compounds have been
found in this system (see Table 12). However, these data are very
contradictory. For example, the existence of two modifications a-
and P-Al4SiC4 has been reported.236 Later the existence of
a-Al4SiC4 has been confirmed;225-228-237 however, the
P-modification was not found. The ternary compound Al4Si2Cs
has been reported by Inoue et al.;225-226 however, it was not
detected in another study.228 The hexagonal carbosilicide AlsSiC7
has been observed.227'228 The aluminium carbosilicides Al4SiC4

and AlgSiC7 were found to decompose incongruently at 2353 and
at 2358 K, respectively.228 Both ternary compounds are formed
with great difficulty at relatively low temperatures (below
1800 K).

The isothermal cross-sections through the Al —Si —C system
at 900 and 2273 K are presented in Fig. 37e,/. At 900 K (below the
melting point of aluminium), silicon carbide exists in equilibrium
with Al4SiC4 and Al, A14C3 coexists with AlsSiC7, and the ternary
compounds are in equilibrium with each other, and also with
carbon and aluminium (see Fig. 37e). When the liquid phase
appears, silicon carbide and aluminium carbosilicides coexist
with the aluminium melt (Fig. 37/).

Table 12. Some ternary compounds in the Al — B — C, Al — C — N, and Al — Si — C systems.

Compound

AI3B48C2

A13B48C2

A13B48C2

AIB24C4
AI2.1B51C8
AIB40C4
A18B4C7
AI5C3N
A16C3N2

A17C3N3

A18C3N4

Al9C3N5
a

Al,0C3N6
a

ot-Al4SiC4

Al4Si2C5

Symmetry and

type of structure

Orthorhombic
n

Tetragonal,
high-temperature

Orthorhombic
n

Hexagonal

Hexagonal
Trigonal
Hexagonal
Trigonal
Hexagonal
Trigonal
Hexagonal
11

Space group

Cmma
Ammm
P4/mmm

Bbmm
Cmcm
Rim
•P63em

P63wc
Kim
P63mc
Rim
P6]inc
Rim
Pbimc
Rim

Z

2
2
1

2
2
1
3
2
3
2
3
2
3
2
3

Unit cell parameters / run

a b

1.234 1.263
0.617 1.263
0.882

0.888 0.910
0.5690 0.8881
0.5642
0.5906
0.3281
0.3248
0.3226
0.3211
0.3197
0.3186
0.3277
0.3251

c

0.508
1.016
0.509

0.569
0.9100
1.2367
1.5901
2.167
4.003
3.170
5.508
4.169
7.000
2.1676
4.0108

Ref.

28
28
28

221
222
223
224
25
25
25
25
25
25
225
225, 226

Al8SiC7 " - 1 0.3313 - 1.9242 227,228

a The carbonitrides Al9C3Ns and Ali0C3N6 have not been observed experimentally, their hypothetical structural characteristics have been reported.25



Phase equilibria in the M - X - X ' and M-Al -X ternary systems and crystal chemistry of ternary compounds 415

SiBi4 A B13C2

B4C

Si3N4
P-C3N4

(C2N2)

Si SiC Si SiC Si SiC

Si3N4 P-C3N4
(C2N2)

Si SiC

T2

Si SiC

Figure 37. Isothermal cross-sections of ternary systems of silicon with
boron, carbon, nitrogen, and aluminium (dark areas denote single-phase
homogeneity regions), (a) the S i - B - C system at 1973K; (b) the
S i - B - C system at 2273K; (c) the S i - C - N system at 1900K,

Pn2 = 1 x 105 Pa; (d) the S i - C - N system at 2000K,/?N, = 1 x 105 Pa;
(<?) the A l - S i - C system at 900 K; (/) the A l - S i - C system at 2273 K;
Tx = Al4SiC4, T2 = Al8SiC7.

The S i - B - N system. The silicon nitride Si3N4 in the S i - B - N
system at temperatures below 1700K coexists with the boron
nitride BN and the boride SiB6; the BN-SiBi2 + .x(SiBi4)
pseudobinary equilibrium also exists (Fig. 38a).
The Al —Si —N system. The isothermal cross-section through the
A l - S i - N system at 873 K is presented in Fig. 38*.238 The
aluminium nitride A1N exists in equilibrium with Si and Si3N4;
however, the Si3N4—Al metastable equilibrium should also be
taken into account. Its existence is caused by the following: the
interaction of Si3N4 with aluminium leads to the appearance on
the surface of aluminium grains of an A1N film, which acts as a
diffusion barrier and prevents further occurrence of the reaction

BN A1N

Si S13N4 N Si Si3N4 N

Figure 38. Isothermal cross-sections through the Si — B — N system (a) at
1700K (the dark area denotes the single-phase homogeneity region of
Si B12 + v) and through the Al - Si - N system at 873 K (b) (the dashed line
marks a metastable equilibrium).

even during prolonged annealing. No ternary compounds have
been found in the Al — Si — N system.
The Al — B — C system. Several aluminium borocarbides have been
found in this system (see Table 12). In all probability, the ternary
compound AI8B4C7 exists in equilibrium with the carbide AI4C3
and also with aluminium and carbon. The AIB24C4 phase
observed by Will,221 has the composition Ab.jBsiCg, according
to Perotta et al.222 The AI3B48C2 phase exists at high temperatures
as a tetragonal modification, which decomposes to two related
orthorhombic phases of the same composition at T < 800 K (see
Table 12).
The Al —C —N system. The carbide AI4C3 and the aluminium
nitride A1N in the Al —C —N system form several ternary
compounds, namely, aluminium carbonitrides (Al4C3)(AlN)n,
where n = 1-4 (see Table 12). The structures of aluminium
carbonitrides have been studied.25 The aluminium atoms in these
ternary compounds form close-packed planes, the carbon and
nitrogen atoms being arranged between these planes (the carbon
atoms occupy the tetrahedral or octahedral interstices, while the
nitrogen atoms populate only tetrahedral interstices). Thus, the
AI2C2, AI2C, and A1N layers can be distinguished in the structure
of aluminium carbonitrides. It has been suggested25 that two
other ternary compounds AI9C3N5 and AI10C3N6 also exist (see
Table 12).

Aluminium carbonitrides are in equilibrium with aluminium
and carbon as well as with the carbonitrides closest to them;
AI5C3N is also in equilibrium with AI4C3, and AI8C3N4 coexists
with A1N.
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VII. Conclusion
The thermodynamic state of a multicomponent system containing
several phases is described by a set of equations of state <p{c,p,T)
characterising each of the phases. The numerical values of the c,p,
and T parameters unambiguously determine the state of the
system, which is represented graphically as a point in the three-
dimensional c, p, T system of coordinates. If two of these
parameters are known, the third one can be found from the
equation of state. This means that to determine the state of the
system, it is sufficient to find the position of the figurative point in
a two-dimensional system of coordinates, usually in the
c,7"-coordinates. This graphical representation of the equation of
state of a system is its state diagram.

The real equations of state of multicomponent systems are
unknown; therefore, the state diagrams are of great importance.
By virtue of these diagrams, the actual relationship between the
physical and chemical parameters determining the state of the
system can be clearly represented on the basis of experimental
data. Each characteristic of the system varies continuously as a
function of one or several parameters within the limits of a
particular phase region. The boundaries of phase regions are
represented by singular points (inflection, break, or discontinuity
points, cusps, etc.). Hence it is obvious, how important it is to
know the positions of phase boundaries, which are the main
information provided by state diagrams.

The problem of constructing state diagrams has been solved at
present to a very small extent. In particular, no more than 5% of
the state diagrams of ternary systems are known. In the present
review, the author has attempted to generalise and to make
available the results of experimental studies of the phase equili-
bria in the M - X - X ' and M - A l - X ternary oxygen-free
systems (M is a transition metal, X, X' are B, C, N, Si), which
provide a basis for the development of new ceramic materials.

The greatest contribution to the systematic studies of phase
diagrams of the ternary systems considered was made by scientists
of the Austrian school: H Nowotny, W Jeitschko, F Benesovsky,
E Rudy, P Rogl, J Schuster, and their colleagues.

It follows from the analysis performed that the interaction of a
transition metal with the two other components of a M — X—X' or
M—Al—X ternary system is often accompanied by the formation

of one or several ternary phases. This leads to a substantial
complication of the phase equilibria, to the appearance of a large
number of phase boundaries, and to the splitting of the state
diagram into many phase fields. The allowance for these data will
permit researchers to carry out the target-directed synthesis of
compounds and heterogeneous compositions with specified
properties.

The analysis of the crystal structures of the ternary com-
pounds formed in the M—X —X' or M—Al—X systems consid-
ered has shown that an ideal or a distorted octahedron built of six
transition metal atoms M is the main structural unit of the
majority of these compounds. The octahedral interstice can be
either occupied by an interstitial nonmetal atom X (B, C, N) or
vacant. The possibility of the complete or partial population of
the octahedral interstices causes the existence of the homogeneity
regions (fairly broad or narrow) for many ternary compounds.
Those of the considered ternary compounds, which incorporate
the XM6 octahedral units and possess homogeneity regions,
constitute an extensive group of ternary nonstoichiometric inter-
stitial compounds, which are related to the binary nonstoichio-
metric interstitial compounds MXy and NhX^ (X = C, N) with
structures of the NaCl (51) and W2C (Z/3) types. The ternary
nonstoichiometric interstitial compounds have looser structures
than the binary compounds, due to the presence of the third
element, i.e. the Vjn volume, which corresponds to one atom in the
ternary compounds, is greater than in the binary compounds (Kis
the unit cell volume and n is the number of atoms in the unit cell).

In this connection, it is of interest to compare various carbide
and nitride phases of the same transition metal differing in the
X/M ratio of the atomic concentrations of the interstitial element
and the metal. The titanium compounds, namely, the cubic
TisAlC and TJ3A1N with the perovskite type of structure; the
hexagonal Ti2AlC and Ti2AlN with a structure of the Cr2AlC
type; the hexagonal carbosilicide Ti3SiC2 and the trigonal alumi-
nidonitride Ti3Al2N2; the cubic carbide TiCi.o and the cubic
nitride TiN,.o with the NaCl (Bl) type of structure (Table 13)
can be considered as typical examples. Each pair of these
compounds (except for Ti3SiC2 and Ti3Al2N2) have the same
structure. The structure of TisAl2N2 differs from that of Ti3SiC2

in that in the former case, the double-stranded layers of the XTi6
octahedra are separated by two layers of nontransition metal

Table 13. Interatomic distances in carbide and nitride phases of titanium with different degrees of filling of the titanium sublattice with interstitial atoms.

Stoichiometric

composition

Ti3AlC

Ti2AlC

Ti3SiC2

TiC.o

Ti3AlN

Ti2AlN

Ti3Al2N2

TiN,.o

Symmetry and type

of structure, space group

Cubic, perovskite
CaTiO3 type, space
group Pmim

Hexagonal //-phase.
the Cr2AlC type, space
group P6j/mmc

Hexagonal,
space group P6i/mmc

Cubic, the NaCl (B\),
type, space group Frriim

Cubic, the perovskite
CaTiO3 type (£2,),
space group Pmim

Hexagonal //-phase,
the Cr2AlC type, space
group P6^/mmc

Trigonal,
space group Pile

Cubic, the NaCl (Bl),
type, space group Fniim

Unit cell parameters / nm

a

0.4156

0.304

0.3068

0.4328

0.4120

0.2991

0.2988

0.4244

* V is the unit cell volume, n is the number of atoms in the unit cell

c

1.360

1.7669

-

-

1.3621

2.3350

-

Interatomic distances/ nm

Ti -C

0.208

0.212

0.215

0.216

-

—

_

-

Ti-Ti

0.294

0.292

0.297

0.306

0.291

0.290

0.297

0.300

T i - N

-

—

-

0.206

0.208

0.209

0.213

F/nm3

0.0718

0.1088

0.1440

0.0811

0.0699

0.1055

0.1805

0.0764

Kn- ' / nm 3

(see")

0.0144

0.0136

0.0120

0.0101

0.0140

0.0132

0.0129

0.0096
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atoms, whereas in Ti3SiC2, they are separated by one layer of
nontransition element atoms.

A general feature of the structures of all these compounds is
that the interstitial atoms (carbon or nitrogen) are located at the
octahedral interstices formed by six transition metal atoms. In the
compounds with an ideal stoichiometric composition, all the
octahedral vacancies are filled with the interstitial atoms. The
structures of the compounds under consideration differ in the
manner in which the XM6 octahedra are linked to one another. In
the compounds M3M'X the octahedra are joined via all their six
vertices (see Fig. 23); in the M2M'X //-phases, each octahedron is
linked to the adjacent octahedra via six edges thus forming an
octahedral layer of the composition M2X (see Fig. 24); in the next
pair of compounds, namely, Ti3SiC2 and Ti3AhN2, the XMg
octahedra are joined with one another via nine edges thus forming
a double octahedral layer of the composition M3X2 (see Fig. 14);
finally, the XNU octahedra in the cubic carbides and nitrides
MX1.0 are joined via all their twelve edges and form the closest
packing (see Fig. 1).

In the sequence M3M'X ->M2M'X -> M3M'X2 (M3M2'X2)
—»MX the X/M ratio increases in the following way:
3 - • 2 ~* 5 ~* 1' w m c h indicates an increase of the degree of filling
of the transition metal sublattice with the interstitial atoms. For
the cubic carbides and nitrides MX^., the increase in the degree of
filling of the octahedral vacancies of the metallic sublattice (i.e. the
increase in the content of interstitial atoms) is accompanied by an
increase in the period of the crystal lattice and by an increase in
the interatomic distances. By analogy with the cubic carbides
and nitrides MXy , one may expect a similar variation of the
interatomic distances and a similar decrease in the V/n volume
corresponding to one atom in the sequence M3M'X —> NhM'X
-»M3M'X2 (M3M2'X2) -•• MX.

Table 13 presents the Ti — X and Ti — Ti interatomic distances
and the V/n volume for the binary and ternary titanium com-
pounds considered as examples. With an increase in the X/M ratio
the Ti — C interatomic distances in the series of carbide phases and
the Ti —N distances in the series of nitride phases increase
monotonically, whereas the V/n volume decreases. A similar
increase is observed for the Ti — Ti interatomic distances, except
for those in the //-phases.

Thus, the majority of the compounds of transition metals with
B, C, N, Si, and Al retain the octahedral fragment consisting of six
transition metal atoms M as the main structural unit; this
fragment is either vacant or filled with interstitial nonmetal
atoms. The atoms of the third element make the structure of the
ternary compound more complex and more loose than the
structure of the corresponding binary compound of the transition
metal.

The ternary compounds with the homogeneity regions dis-
cussed in this review can exist in two structural states, namely, the
disordered and the ordered state. In the former case, the inter-
stitial atoms are randomly distributed among the octahedral
interstices, and in the latter case, they are regularly distributed.
The ordering phenomenon in the binary nonstoichiometric inter-
stitial compounds has been studied fairly extensive-ly;1-2'6-239-240

however, ordering in the ternary nonstoichiometric compounds
and its influence on the properties of these compounds are
scarcely known. It may be expected that the investigation of the
ordering effects will become one of the major directions in the
research on ternary nonstoichiometric compounds of transition
metals with boron, carbon, nitrogen, silicon, and aluminium.

The work was supported by the Russian Foundation for Basic
Research (project 95-02-03 549a) and the State scientific and
technical programme 'New materials' (project 07.02.0103m).
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