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I. Introduction

Group IV and V d-transition metal carbides are strongly non-
stoichiometric interstitial compounds.1 ± 4 Cubic (with theB1-type
structure) vanadium carbide VCy is one of the most interesting
compounds of this type. This compound not only has wide
practical application but also has been extensively studied by
both experimental and theoretical methods.

In 1830, N SelfstroÈ m isolated a black powder from metal-
lurgical slags from Swedish blast furnaces. This powder contained
an unknown element, which was later called vanadium. More
recently, this powder was demonstrated to be V2O5 . In pure form,
vanadium was isolated by H Roscoe in 1869. In the early 20th
century, it was found that doping of steels with vanadium (in an
amount from 0.2 mass% to 0.5 mass%) increases their hardness,
toughness, shock strength and resistance to abrasion and wear.
Hence, vanadium-containing steels have found wide application
in defence technology and engine building, in particular, in the
manufacture of air engines and car motors. Detailed investiga-
tions demonstrated that the hardness properties of steels are
improved because vanadium reacts with carbon dissolved in steels

and forms grains of hard and refractory vanadium carbide.
Initially, it was speculated that such carbide phases as V2C3 ,
V4C3 and V5C4 were formed.5 ± 7 However, more recent studies
revealed the formation of vanadium carbides, which have basic
structures of lower hexagonal carbide V2Cy 0 or higher cubic
carbide VCy . Vanadium carbides are poorly soluble in iron,
which hinders the growth of large crystals. This is favourable for
the formation of a homogeneous fine-grained structure in steels.

Cubic vanadium carbideVCy , likemost other transitionmetal
carbides, was synthesised for the first time byH Moissan 8 in 1893
by heatingV2O5with coal in the absence of air. It was believed that
the composition of the carbide synthesised was close to VC1.0 .
However, more recent studies demonstrated that vanadium car-
bide prepared by carbothermal reduction contains a large amount
of oxygen.

The history of investigations of vanadium carbides and the
V ±C system can be arbitrarily divided into three periods.

In the first period, from the late 19th century up to 1940,
vanadium carbide, like carbides and nitrides of other transition
metals (titanium, zirconium, hafnium, niobium and tantalum),
was considered as a usual chemical compound with constant
composition. At that time, most studies were concerned with the
determination of crystal structures and unit cell parameters of
vanadium carbide samples prepared by one method or another. It
was believed that vanadium carbide had the stoichiometric VC
composition.

At the end of the first period (1930 ± 1940), researchers started
studies of the thermodynamic and various physical properties of
carbides and nitrides and revealed numerous discrepancies in the
results of investigations of the properties of vanadium carbide.
These discrepancies could not be accounted for by experimental
errors, the use of various experimental approaches or the presence
of impurities in the samples under investigation. Detailed crystal-
chemical studies demonstrated that the observed discrepancies
were associated with the difference in the carbon content of
carbides. It appeared that the composition of vanadium carbide
(as well as of all Group IV and V transition metal carbides and
nitrides) can vary over a wide range with retention of the crystal
structure. The lower boundary of the homogeneity region of cubic
vanadium carbide VCy was long thought to be VC0.75 . Based on
this fact, the authors of the early studies 7, 9 suggested the existence
of the V4C3 phase. Nowadays, it is known that the VC0.65

composition corresponds to the lower boundary of the homoge-
neity region of cubic vanadium carbide. The precise position of the
upper boundary has long remained unknown, but it was hypoth-
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esised that this boundary is most likely close to the stoichiometric
composition VC1.0 .

In the second period (1940 ± 1970), investigations of strongly
nonstoichiometric carbides were almost completely concerned
with composition ± property relationships. Interest in carbides
quickened in 1960s, when the influence of the composition on
the crystal-chemical, thermodynamic, thermophysical, electrical,
magnetic, optical, mechanical and other properties of these
compounds were extensively studied. At the same time, the main
qualitative views of the nature of chemical bonding in non-
stoichiometric carbides were formulated. At the end of the second
period, many researchers mistakenly believed that nonstoichio-
metric carbides had been completely studied. In 1962, the first
version of the phase diagram for the V ±C system was pub-
lished.10, 11 In this diagram, the regions of existence of cubic VCy

and hexagonal V2Cy 0 (b-V2C) vanadium carbides were shown
(Fig. 1). This diagram has remained virtually unchanged for more
than two decades.

Once wide homogeneity regions had been found for non-
stoichiometric carbides, it was long thought that carbon atoms
and structural vacancies (vacant interstitial sites in the metal
sublattice) are randomly distributed in the lattice. However,
crystallographic studies published in the late 1960s and onward
demonstrated that, under particular conditions, interstitial atoms
and vacancies can be redistributed over sites of the crystal lattice
and form different types of ordered structures. It is nonstoichio-
metric vanadium carbide in which the first ordered carbide phase,
viz., V8C7 , was discovered in 1966.12 More recently (in 1968), the
ordered V6C5 phase was found.13 These studies marked the
beginning of the third period of investigations of nonstoichiomet-
ric carbides dealing with ordering and its influence on the proper-
ties of nonstoichiometric compounds. Nowadays, it is evident
that, at temperatures lower than 1000 K, an ordered state of
nonstoichiometric carbides is in thermodynamic equilibrium,
whereas a disordered state is metastable in this temperature range.

Studies of the properties of nonstoichiometric carbides
depending on the distribution of carbon atoms and vacancies
demonstrated that the changes in the properties upon ordering are
comparable in magnitude with the changes in these properties
associated with variations in the composition of nonstoichiomet-
ric carbide within the homogeneity region of an ordered phase.

Therefore, the change in the composition of carbides, on the one
hand, and redistribution of atoms and vacancies in the crystal
lattice of carbides, on the other hand, are two equally probable
ways of controlling the properties of these substances. However,
the characteristic feature of ordering as a way of providing fine
control over the properties of nonstoichiometric carbides is that it
changes the properties of carbides, while the chemical composi-
tion remains unchanged.

In the last decade of the 20th century, a large number of
ordered phases of nonstoichiometric carbides, which have been
found experimentally, and the development of methods of calcu-
lations of phase equilibria made it possible to construct the phase
diagrams for the M±C systems (M=Ti, Zr, Hf, V, Nb or
Ta),1 ± 4, 14 ± 34 which take into account not only the presence of
strongly nonstoichiometric carbidesMCy (MCy&17y , where& is
a structural vacancy) but also their ordering at temperatures lower
than 1200 ± 1300 K.

In 1992, a new class of molecular metal carbon nanoclusters
M8C12 was discovered (see Refs 35 and 36) and the stable
molecular cluster V8C12 was detected in vaporisation products of
the V ±C system.

Therefore, considerable information on phase equilibria and
compounds in the V±C system had been accumulated by the turn
of the 20th century. The phase diagram for this system appeared to
be much richer and more complex than had been assumed earlier.
The aim of the present review is to generalise experimental and
theoretical data on compounds and phases in the V ±C system
published in the last 15 years with consideration for the earlier
results. Emphasis is given to the phase equilibria and crystal
structures of phases and compounds consisting of vanadium and
carbon.

II. Phase diagrams for the V ±C system at
temperatures higher than 1000 K and
thermodynamic properties of disordered carbides
VCy and V2Cy 0

1. Phase diagrams
The V±C system is among the best-studied systems formed by
transition metals and carbon. The first version of the phase
diagram for the V ±C system (see Fig. 1), which takes into
consideration the presence of the cubic and hexagonal carbide
phases VCy and V2Cy 0 (b-V2C) characterised by homogeneity
regions, was proposed in the study.10 Later on, phase equilibria in
this system were considered in the studies,37 ± 39 where 17 samples
with different vanadium and carbon contents, their phase compo-
sitions and structures were studied by X-ray diffraction, differ-
ential thermal analysis and the metallographic method. The phase
equilibria in the V ±C system were analysed in the study.40

The melting point of vanadium metal determined in different
studies is 2161� 10,10 2199� 6 (see Refs 37 ± 39) or 2183 K.40 The
addition of carbon to vanadium leads to a decrease in the melting
point to the eutectic temperature [1923� 7,37 ± 39 1921 (see Ref. 40)
or 1923 K (see Ref. 41)]. The L>V+V2Cy eutectic mixture
contains *15 at.% carbon.37, 38, 40, 41 An increase in the carbon
content leads to an increase in the melting point from the eutectic
temperature to the temperature of the peritectoid transformation
L+VCy>V2Cy 0 , which was evaluated at 2438 (see Ref. 10) or
2460� 10 K.37 ± 39 Congruently melting carbide VC0.7470.77 ,37, 38

VC0.81 (see Ref. 40) or VC0.83 (see Ref. 41) has the highest melting
point [2921� 12,37 ± 39 2929 (see Ref. 40) or 3073 K,41 respec-
tively]. The temperature of the eutectic L>VCy+C containing
49.5� 0.5 at.% or 53.5 at.% carbon is 2898� 12 (see Refs 37 and
38) or 2943 K,40 respectively.

The phase diagrams for the V ±C system, which were pro-
posed in the studies 41, 42 with consideration for possible ordered
vanadium carbide phases, are presented in Figs 2 and 3. The first
attempt to construct a region of the phase diagram for the V ±C
system corresponding to the co-existence of the ordered V6C5 and

1000

1500

2000

2161

2500

3000

T /K
10 20 30 40 [C] (at.%)

0 0.2 0.4 0.6 0.8 1.0 y

L+
V
C y

2973K

L

V

VCy

VCy+C

V+b-V2C

b-V2C

VCy+b-V2C

V4C37x

1903K

2438K

Figure 1. Phase diagram of the V7C system at temperatures higher than

800 K, which was constructed without considering ordered phases.10
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V8C7 phases was made in the study.43 In the publication,41 an
ordered region was hypothesized to exist in the phase diagram,
and this region was identical to that reported in the study.43 In the
review,40 the ordering was not discussed at all and was not
reflected in the phase diagram of the V ±C system.

Analysis of the phase diagram presented in Fig. 2 shows that
hexagonal lower carbide V2Cy 0 (b-V2C) has a rather extended
homogeneity region from VC0.4570.46 to VC0.5270.56 at 1200 K.
The homogeneity region of V2Cy 0 is expanded with increasing
temperature. At 1923 K (the temperature of the eutectic
L>V+V2Cy 0), hexagonal carbides VC0.3670.37 and VC0.5270.58

correspond to the lower and upper boundaries of the homogeneity
region, repectively. A decrease in the temperature can be accom-
panied by ordering of lower hexagonal carbide V2Cy 0 giving rise to
the orthorhombic ordered a-V2C (br-V2C) phase.44 The precise
temperature of the disorder ± order phase transition V2Cy 0>
a-V2C (br-V2C) is unknown. According to the results of different
studies, this temperature varies from 1100 to 1600 K. Data on the
crystal structures of the b0-V2C (bh-V2C) and b-V2C (V2Cy 0)
phases are also available in the literature. Both phases have a
hexagonal metal sublattice, but differ in the distribution of carbon
atoms. The former phase is an e-Fe2N-type ordered hexagonal
phase, and the latter phase is a disordered hexagonal phase with
the L03 (W2C) structure. From this fact it follows that the b0-V2C
(bh-V2C)> b-V2C (V2Cy 0) transformation can occur. These
hypothetical phase equilibria are shown in Fig. 2 by dashed lines.

Cubic carbide VCy has a wide homogeneity region from
VC0.72 to VC0.88 at 1500 K and from VC0.60 to VC0.87 at
*2450 K. This is the only compound among strongly nonstoi-
chiometric carbides, which is characterised by the upper boundary
of the homogeneity region most remote from the stoichiometric
composition MC1.0 . At temperatures lower than 1500 K, the
homogeneity region of nonstoichiometric cubic carbide VCy has
two ordered phases, viz., V6C5 with monoclinic 43, 45 or trigonal 13

symmetry and the cubic V8C7 phase.12, 46 ± 49 The ordered V6C5

phases are characterised by a rather extended homogeneity region,
whereas the homogeneity region of the V8C7 phase is small.

The phase diagrams (see Figs 2 and 3) show also the z-V4C37x

phase consistent with the VC0.67 composition (V3C2). This phase
has a rhombohedral (trigonal) structure and is an individual
compound of the V ±C system, although it is sometimes erro-
neously called (see, for example, Ref. 42) the ordered carbide
phase VCy . The z-V4C37x phase does not belong to ordered
phases of cubic carbide, because its metal sublattice has trigonal
rather than cubic symmetry. According to the results of the
study,10 z-V4C37x exists only at temperatures lower than 1617 K
and decomposes through a peritectoid reaction at T 5 1617 K.
However, the z-V4C37x phase was observed at higher temper-
atures (up to 1870 K) in the studies.38, 50, 51 According to the latest
and most reliable experimental data,52 the z-V4C37x phase con-
tains 37.9 at.% C and has a very narrow (*0.4 at.% C) homoge-
neity region from VC0.605 to VC0.615 . The minimum temperature,
at which this phase was detected after 78-hour annealing, is
1540 K. The temperature of peritectoid decomposition of the
z-phase during heating is 2150 K.52 Therefore, the composition
and the temperature range of existence of the z-V4C37x phase in
the diagrams of the V ±C system (see Figs 2 and 3) are not quite
correct. Data on the crystal structures of the phases in the V ±C
system and the special points in its phase diagram at T>1000 K
are given in Tables 1 and 2.

The phase equilibria associated with ordering of nonstoichio-
metric vanadium carbide VCy and occurring at temperatures
lower than 1300 ± 1400 K have been described in
detail 1, 3, 4, 15, 19, 28, 47, 48, 53, 54 and will be considered below.
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a-V2C (br-V2C) and b
0-V2C (bh-V2C) are the low-temperature orthorhom-

bic and high-temperature hexagonal ordered phases, respectively, of lower

hexagonal disordered carbide V2Cy 0 (b-V2C); V6C5 and V8C7 are the

ordered phases of nonstoichiometric cubic carbide VCy; V4C37x

(x=0.2 ± 0.5) is an individual compound belonging to the rhombohedral

(trigonal) system, which presumably has the composition VC0.67; the

composition and the temperature range of existence of the V4C37x

compound presented in the figure are inconsistent with the most reliable

experimental data.

1200

1600

2000

2400

2800

2920K2950K

2460K

L

z

VCy

VCy+C

V6C5

V8C7+C

37%

26.5%
b-V2C

V+ b-V2C

V+ a-V2C a-V2C (br-V2C)

37.9%

2170K

1923K

*1393K

15%

46.2%

T /K

0.2 0.4 0.6 0.8 1.0 y

0 10 20 30 40 [C] (at.%)

Figure 3. Phase diagram of the V7C system at temperatures higher than

1000 K.42
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(VC0.67); the position of the z-V4C37x phase presented in the figure is

inconsistent in the composition and temperature range with experimental

data.
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2. Structures and thermodynamic properties of disordered
vanadium carbides
a. Structures
Cubic (B1 structure type) disordered vanadiummonocarbide VCy

is the most important compound existing in the V ±C system at
temperatures higher than 1000 K (Table 3). The width of the
homogeneity region of VCy depends on the temperature. The
solid-state synthesis of vanadium monocarbide is generally car-
ried out at*2000 K followed by quenching to room temperature,
which makes it possible to retain cubic carbide VCy in the
disordered state. At 2000 K, disordered cubic vanadium carbide
has a homogeneity region from VC0.65 to VC0.88 . This region
(0.654 y4 0.88) was reported in most of the published data. The
unit cell of VCy can be described as two face-centred (metal and
non-metal) sublattices, which are shifted with respect to each
other by one-half of the lattice period (Fig. 4). In the metal

sublattice, all sites are occupied by vanadium atoms. In the non-
metal (carbon) sublattice, the number of sites is larger than the
number of interstitial atoms. In the disordered state (which is
thermodynamically at equilibrium only at T>1300 ± 1400 K,
whereas it is retained as a quenched metastable state at lower
temperatures), the carbon atoms are randomly distributed over
the sites, and all sites of the non-metal sublattice are occupied with
the same probability equal to y (the relative carbon content of
VCy ). This provides retention of cubic symmetry of the disordered
non-metal sublattice and signifies that all sites of the carbon
sublattice in disordered VCy are crystallograpically equivalent.
The typical X-ray diffraction pattern of homogeneous cubic
vanadium carbide is shown in Fig. 5. A high degree of homoge-
neity of carbide VC0.83 is evidenced by splitting of theKa1 andKa2

doublets observed already for the (311)B1 reflection. The crystal

Table 1. Crystal structures of the phases existing in the V ±C system at
temperatures higher than 1000 K.

Phase [C] (at.%) Space group Pearson Lattice type

symbol

V 0 ± 4.3 Im�3m (O9
h) cI 2 A2 (W)

a-V2C *31.0 ± 33.0 Pbcn (D14
2h) oP12 z-Fe2N

(br-V2C)

b-V2C *27.0 ± 34.0 P63/mmc (D4
6h) hP3 L03 (W2C)

(V2Cy 0)

b0-V2C *27.5 ± 31.5 P�3m1 (D3
3d) hP9 Ni3N

(bh-V2C) (e-Fe2N)

z-V4C3-x *37.6 ± 40.1 R�3m (D5
3d) hR20 7

VCy *37.0 ± 48.0 Fm�3m (O5
h) cF8 B1 (NaCl)

V6C5 *43.0 ± 46.0 C2 (C3
2) mC44 7

V6C5 *43.0 ± 46.0 P31 (C
2
3) hP33 7

V8C7 *46.0 ± 47.0 P4332 (O6 ) cP60 7
C 100 P63/mmc (D4

6h) hP4 A9 (graphite)

Table 2. Parameters of the special points in the phase diagram of the V ±C
system at temperatures higher than 1000 K.

Reaction Compositions of T /K Reaction

phases involved in type

the reaction (at.% C)

L>V+V2Cy 0 15.0 4.3 27.0 1923� 7 eutectic

(b-V2C)

L+VCy>V2Cy 0 29.5 37.0 34.0 2460� 10 peritectic

(b-V2C)

L>VCy 7 45.5 7 3073� 10 congruent

melting

L>VCy +C 53.5 46.0 *100 2943� 3 eutectic

V2Cy 0 (b-V2C)+VCy> 35.1 39.5 37.9 2150 peritectoid

>z-V4C37x

L>V 7 0 7 2183� 3 melting

VCy>V6C5 7 45.5 7 *1500 ordering

VCy>V8C7 7 46.6 7 *1400 "

Table 3. Characteristics of cubic and hexagonal disordered nonstoichiometric vanadium carbides.

Phase Symmetry Space group Lattice type Atom Position and Atomic coordinates Probability

multiplicity of occupancy

x y z

VCy cubic Fm3m (O5
h) B1 (NaCl) V 4(a) 0 0 0 1

C 4(b) 1/2 1/2 1/2 y

V2Cy 0 hexagonal P63/mmc (D4
6h) L03 (W2C) V 2(a) 0 0 0 1

C 2(c) 1/3 2/3 1/4 y0/2

C

V

Figure 4. The unit cell of cubic disordered nonstoichiometric vanadium

monocarbide VCy [the B1 structure type (NaCl)].

All sites of the metal sublattices are occupied by vanadium atoms, the sites

of the non-metal sublattice are randomly (with probability y) occupied by

carbon atoms.
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Figure 5. X-Ray diffraction pattern of disordered homogeneous carbide

VC0.83 with a B1-type cubic structure (Cu Ka1,2 radiation).
aB1=0.41596 nm.25
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lattice period of both disordered and ordered VCy increases with
increasing carbon content (Fig. 6).

Lower vanadium carbide V2Cy 0 (b-V2C), which is also called
semicarbide or subcarbide, has a hexagonal structure of the L03
(W2C) type. In this structure, carbon atoms randomly occupy no
more than one-half of all octahedral interstitial sites in the metal
sublattice (Fig. 7). Since it cannot be unambiguously determined
which sites of the non-metal sublattice are occupied by carbon
atoms, and which sites are, on the contrary, vacant, the proba-
bility of finding a carbon atom in each site of the non-metal
sublattice of lower vanadium carbide V2Cy 0 is y

0/2 (see Table 3).
The width of the homogeneity region of disordered lower vana-
dium carbide quenched to high temperatures is small, from
VC0.4270.45 to VC0.50 . The volume of its unit cell enriched in
carbon slightly increases. The unit cell parameters of the carbide
of stoichiometric composition V2C (VC0.50) are larger than those
of V2C0.94 (VC0.47) (a=0.2902 and c=0.4577 nm as opposed to
a=0.2885 and c=0.4571 nm). The X-ray diffraction pattern of
disordered lower vanadium carbide V2C (VC0.50) with a hexago-
nal lattice of the L03 (W2C) type is shown in Fig. 8.

The thermodynamic properties of nonstoichiometric vana-
dium carbides vary substantially within their homogeneity
regions. Hence, investigations, in which the measured thermody-

namic characteristics were assigned to a particular composition of
carbide in the known structural (disordered or ordered) state, are
of great interest. The temperature and concentration dependences
of the thermodynamic characteristics of disordered carbides allow
the quantitative description of high-temperature phase equilibria
involving VCy and V2Cy 0 . Besides, disorder ± order phase trans-
formations and transitions between ordered phases can be directly
studied with the use of these data. However, available results of
experimental thermodynamic investigations of nonstoichiometric
vanadium carbides, whose compositions and crystal structures
were well characterised, are scarce.

b. Enthalpy of formation
The enthalpies of formation of cubic carbide VCy with different
carbon contents were determined 55, 56 by calorimetry from the
thermal effects of combustion in oxygen:

Carbide DH �f 298 /kJ mol71 Carbide DH �f 298 /kJ mol71

VC0.72 790.5� 5.6 VC0.82 7111.7� 4.1

VC0.76 7108.2� 7.0 VC0.84 798.9� 4.2

VC0.77 7101.6� 5.4 VC0.88 7100.3� 5.9 (see Ref. 55)

VC0.80 796.7� 12.0 VC0.88 7112.2� 4.7 (see Ref. 56)

The empirical dependence of the enthalpy of formation on the
composition of cubic carbide VCy for the range 0.72 4 y 4 0.88
was described 56 by a linear function

DH �f 298(y)=748.3766.3y� 6.7 (kJ mol71).

In the study,57 the enthalpy of formation of carbide VC0.88 was
estimated at7100.9� 2.9 kJ mol71 .

However, analysis of the experimental results 55 ± 57 taking into
account experimental errors demonstrated 58 that the enthalpy of
formation of cubic VCy is square function of the carbon content
and, for the range 0.70 4 y 4 0.88, takes the form

DH �f 298(y)=104.787437.73y+224.02y2 (kJ mol71). (1)

As mentioned above, the characteristic feature of cubic
carbide VCy is that the upper boundary of its homogeneity region
corresponds to VC0.875 and is far from the equiatomic composi-
tion VC1.0 . All attempts to synthesise stoichiometric carbide
VC1.0 failed. However, the thermodynamic characteristics were
theoretically estimated. The enthalpy of formation of hypothetical
carbide VC1.0 was evaluated 59 at7117.2� 41.9 kJ mol71 . In the
study,60 the energy of formation of structural vacancies in cubic
carbide VCy was calculated from the experimental data 56 and the
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Figure 6. Plot of the parameter aB1 of the basic cubic crystal lattice vs. the

composition of carbide VCy in quenched disordered (1) and annealed

ordered (2) states.25

The boundaries of the homogeneity region of carbide VCy are shown by
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Figure 7. Hexagonal (space group P63/mmc) structure of the L03 (W2C)

type of lower vanadium carbide V2Cy 0 .

Metal atoms form a hexagonal close-packed lattice, in which one-half or
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carbon atoms.
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standard enthalpy of formation DH �f 298 of the stoichiometric
compound VC1.0 was estimated at 7105.9� 2.9 kJ mol71 .
According to the results of the study,60 the enthalpy of formation
linearly depends on the composition of cubic carbide VCy in the
composition region from VC0.65 to VC1.0 .

DH �f 298(y)=791.4714.5y (kJ mol71). (2)

It should be noted that the enthalpy difference between
carbide VC0.88 and hypothetical VC1.0 calculated by Eqns (1)
and (2) is small (2.0 and 1.7 kJ mol71, respectively). The small
enthalpy difference corresponds to the small difference in the free
energy of formation of these compounds, which can be compen-
sated by the contribution of the configurational entropy of non-
stoichiometric carbide. As a result, carbide VC0.88 can have a
lower free energy than stoichiometric carbide VC1.0 , due to which
imperfect carbide VC0.88 rather than stoichiometric carbide VC1.0

exists in equilibrium with carbon. This situation cannot occur, for
example, in the case of carbide TiCy , because its free energy
depends more strongly on the composition compared to vana-
dium carbide. This is evident from the enthalpy differences. For
titanium carbides TiC0.88 and TiC1.0 , this difference is
16.5 kJ mol71 ,28 i.e., it is 7 ± 8 times larger than that for carbides
VC0.88 and VC1.0.

The dependence of the enthalpy of formation (in kJ mol71) on
the composition of lower carbide V2Cy 0:VCy (y 4 0.5) deter-
mined in the study 61 can be described by the following function:

DH �f 298(y)=742.2753.7y� 2.6,

according to which the enthalpy of formation of carbide V2C
(VC0.5) is

DH �f 298 V2C
=2DH �f 298 VC0:5

=7138.1 kJ mol71 .

Apparently, this value is underestimated in magnitude. In the
study,57 the enthalpy of formation of V2C was estimated at
7147.4� 21.0 kJ mol71, which is more realistic.

c. Enthalpy (heat content)
The enthalpies (H �T ÿH �298) of cubic VCy with different carbon
contents were measured at 500 ± 1500,62 1300 ± 2500 (see Ref. 63)
and 400 ± 1100 K (see Ref. 64) and approximated by the poly-
nomials

H �T ÿH �298 =A+BT+CT 2+DT71 . (2a)

In the study,62 the enthalpies of several samples of lower
vanadium carbide V2Cy 0 (VCy for y 4 0.5) with different carbon
contents were also measured.The measured temperature depend-

ences (H �T ÿH �298) show a jump increase in the enthalpy at
*1385 K associated with the disorder ± order transition. The
polynomials proposed in this study, can be considered as suitable
for the description of the enthalpy in the temperature range from
300 to 1385 K. The polynomials reported in the studies 62, 63 do
not quite satisfy the evident normalisation condition at
T=298 K

H �T ÿH �298:0.

Hence, in the present review, the preliminary results of measure-
ments 62, 63 were processed taking into account this condition. The
polynomial coefficients are given in Table 4.

The enthalpies of vanadium carbides containing small
amounts of oxygen and nitrogen, for example, of
V(C0.995O0.002N0.003)0.813 , were measured in the study.64 The
composition of the latter carbide was written as VC0.813 . How-
ever, the carbon content in this formula is overestimated. Hence,
the index for carbon presented in Table 4 is written according to
its actual content.

The empirical temperature and concentration dependence of
the enthalpy (in kJ mol71) of disordered cubic carbide was
obtained from the data given in Table 4,

(H �T ÿH �298)VCy
=(77.69+26.9561073T+ (3)

+11.8461076T 27 416T 71)+

+(0.24718.2961073T711.7561076T 2+1864T 71)y+

+(712.66+42.4761073T )y2.

This dependence allows one to estimate the enthalpy of VCy for all
y in the temperature range from 300 to 2000 K.

The enthalpy (H �T ÿH �298)V2C (in kJ mol71) of hexagonal
carbide V2C (b-V2C) is twice as high as the enthalpy of hexagonal
VC0.5

(H �T ÿH �298)V2C =2 (H �T ÿH �298)VC0:5
.

The temperature dependence, which was determined from the
results of the study 62 and refined taking into account the normal-
isation condition (H �T ÿH �298):0 at T=298 K, takes the form

(H �T ÿH �298)V2C =733.58+83.1261073T+ (4)

+1.761076T 2+2580T 71.

This dependence is valid for the temperature range from 300 to
1600 K.

Table 4. Coefficients of the temperature dependence of enthalpy for hexagonal (VC0.42 , VC0.45 , VC0.51) and cubic vanadium carbides VCy [see Eqn (2a)].

VCy A /kJ mol71 103 B /kJ mol71 K71 106C /kJ mol71 K72 D /kJ K mol71 T /K Ref.

VC0.42 715.283 38.573 0.716 1109.9 300 ± 1385 62

VC0.45 715.883 40.017 0.572 1164.3 300 ± 1585 62

VC0.51 716.790 41.562 0.849 1290.0 300 ± 1585 62

VC0.70 717.589 43.702 1.214 1328.5 300 ± 1585 62

VC0.72 79.397 29.051 8.366 0 1300 ± 2000 63

VC0.75 79.613 29.470 9.355 0 1300 ± 2000 63

VC0.75 (see a) 715.422 45.043 5.091 460.9 300 ± 1100 64

VC0.76 717.591 43.756 1.549 1315.5 300 ± 1585 62

VC0.81 (see a) 714.778 43.132 6.746 395.0 300 ± 1100 64

VC0.84 (see a) 717.156 47.473 4.043 789.8 300 ± 1100 64

VC0.84 717.630 43.827 2.093 1306.3 300 ± 1385 62

VC0.86 717.822 43.999 2.412 1339.8 300 ± 1385 62

VC0.86 712.378 39.851 5.656 0 1300 ± 2000 63

VC0.87 (see a) 718.056 50.062 2.158 877.8 300 ± 1100 64

VC0.88 (see a) 716.775 46.186 4.064 789.8 300 ± 1100 64

VC0.88 716.908 42.324 2.730 1207.9 300 ± 1385 62

aThe compositions of carbides VCy determined in the study 64 are given in accordance with the real carbon content.
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The enthalpies of hexagonal carbide VC0.46 and cubic carbides
VC0.71 , VC0.83 and VC0.86 in the temperature range of
400 ± 1300 K were also experimentally determined in the stud-
ies.65, 66 These enthalpies are apparently slightly underestimated.

d. Heat capacity and entropy
The heat capacities of hexagonal and cubic vanadium carbides
VC0.46 , VC0.53 , VC0.71 , VC0.83 and VC0.86 were measured 65, 67 in
the temperature range from 10 to 300 K by adiabatic calorimetry.
The preliminary results of measurements were described in the
publication.67 The tabulated heat capacities, enthalpies and
entropies of these carbides (Tables 5 and 6) were published in
the study.65 The experimental error was no higher than 1%.

The temperature dependence of the heat capacity (in
J mol71 K71) of hypothetical stoichiometric vanadium carbide
VC1.0 was calculated.60

Cp(T )=38.4+0.017T71351.5T 71. (5)

The heat capacity of this carbide determined at 300 K
(39.0 J mol71 K71) is, apparently, overestimated. For compar-
ison, the heat capacities of carbides VC0.71 , VC0.83 and VC0.86

were evaluated at 30.50, 31.95 and 32.10 J mol K71 , respec-
tively.65

The heat capacities of ordered carbides VC0.79 , VC0.83 and
VC0.87 were measured 25, 26, 68, 69 in the temperature range from
300 to 1570 K by differential scanning calorimetry. The temper-
ature dependences of the heat capacity at T>1300 K show peaks
characteristic of order ± disorder phase transitions.

The heat capacities of VC0.76 , VC0.80 , VC0.85 andVC0.87 in the
temperature range of 1 ± 20 K were measured in the study.70 At
T<5 K, the heat capacity is described by the dependence

Cp(T )= gT+ aT 3+ bT 5.

Taking into account the method used for the synthesis, the
obtained carbides were, apparently, disordered. Nevertheless,
with the reference to optical anisotropy of VC0.85 observed in
reflected white light, the authors of the study 70 hypothesised that
this sample can contain the ordered V6C5 phase.

According to the results of the investigation,65 the entropies
S �298 of nonstoichiometric cubic carbides VC0.71 , VC0.83 and
VC0.86 are 14.99, 13.57 and 13.31 J g-atom71 K71 (see Tables 5
and 6) or 25.62, 24.83 and 24.76 J mol71 K71 , respectively.
These values were used to calculate the dependence of the entropy
(J mol71 K71) on the composition of cubic vanadium carbide

S �298(y)=40.21732.77y+17.22y2. (6)

The entropy S �298 of hexagonal VC0.53 is 16.87
J g-atom71 K71 (see Table 5) or 25.81 J mol71 K71. Hence,
the entropy of lower carbide V2C (b-V2C) of stoichiometric
composition can be estimated at 51 ± 52 J mol71 K71 . This
entropy of hexagonal carbide b-V2C is, apparently, underesti-
mated. In the study,71 the change in the entropy upon the
formation of b-V2C was evaluated at 74.2 J mol71 K71 .
Hence it follows that

S �298 V2C � 2S �298 V � S �298 C � DS �298 .

Taking into account the entropies of vanadium metal
(S �298 V =28.67 J mol71 K71) 72 and carbon (S �298 C =
5.39 J mol71 K71),73 S �298 V2C for lower vanadium carbide is
58.53 J mol71 K71.

e. Free energy
It was demonstrated 28, 74 that the part of the free energy (F ) of the
disordered MXy compound, which does not include components
accounting for the contribution of the configurational entropy
Sc(y,0), is

F0(T )+ yF1(T )+ y2F2(T )=DH �f 298�y� � �H�T ÿH �298�MXy
ÿ(7)

ÿT
"
S �298�y� �

�T
298

1

T
d�H�T ÿH�298�MXy

#
.

The free energy (in kJ mol71) of disordered vanadium carbide
can be calculated with the use of dependences (1), (3) and (6)
according to Eqn (7). The calculations carried out in the stud-
ies 2, 25 ± 27 demonstrated that the following dependence is valid for
disordered cubic carbide VCy:

F0(T )+ yF1(T )+ y2F2(T )= (97.09+145.061073T7 (8)

711.8461076T 27208T71726.9561073T lnT )+

+(7437.49786.2361073T+11.7561076T 2+

+932T 71+18.2961073T lnT )y+

+(211.36+267.2161073T742.4761073T lnT )y2.

The energy parameters F0(T ), F1(T ) and F2(T ) of the free
energy determined for disordered cubic carbide VCy are

Table 5. Heat capacities Cp (J g-atom71 K71), DS �T =S �T ÿ S�10
(J g-atom71 K71) and H �T ÿH �10 (J g-atom71) for hexagonal carbides
VC0.46 and VC0.53 in the temperature range of 10 ± 300 K.65, 67

T /K VC0.46 VC0.53

Cp H �T ÿH �10 DS �T Cp H �T ÿH �10 DS �T

10 0.008 7 7 0.008 7 7
50 1.629 21.0 0.544 1.390 17.0 0.461

100 7.360 268.8 3.475 6.720 219.8 3.056

150 11.70 753.6 6.783 11.02 674.1 6.615

200 14.82 1419.3 10.59 14.28 1310.5 10.26

250 17.16 2223.2 14.19 16.78 2089.2 13.73

273 17.99 2625.1 15.70 17.72 2487.0 15.24

298 18.80 3085.7 17.33 18.54 2939.1 16.87

300 18.86 3127.5 17.46 18.62 2976.8 17.00

Table 6. Heat capacities Cp (J g-atom71 K71), DS �T =S �T ÿ S�10 (J g-atom71 K71) andH �T ÿH �10 (J g-atom71) for cubic carbides VC0.71 , VC0.83 and
VC0.86 in the temperature range of 10 ± 300 K.65, 67

T, K VC0.71 VC0.83 VC0.86

Cp H �T ÿH �10 DS �T Cp H �T ÿH �10 DS �T Cp H �T ÿH �10 DS �T

10 0.008 7 7 0.004 7 7 0.042 7 7
50 1.005 12.0 0.293 0.712 9.0 0.251 0.670 8.0 0.209

100 5.610 172.0 2.386 4.815 139.0 1.758 4.690 135.0 1.675

150 9.839 561.0 5.485 8.960 485.7 4.522 8.834 473.1 4.396

200 13.15 1138.8 8.792 12.43 1025.8 7.620 12.27 1004.8 7.453

250 15.78 1863.1 12.02 15.28 1720.8 10.72 15.07 1691.5 10.47

273 16.79 2269.2 13.44 16.37 2085.0 12.10 16.16 2051.5 11.85

298 17.75 2671.2 14.99 17.38 2507.9 13.57 17.17 2466.0 13.31

300 17.84 2704.7 15.07 17.46 2512.1 13.69 17.25 2503.7 13.40
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applicable for the temperature range of 298 ± 2000 K. Analogous
calculations performed in these studies for hexagonal carbide
b-V2C without consideration for its homogeneity region gave the
following dependence of the free energy (in kJ mol71) for the
temperature range of 298 ± 1600 K

F(T )V2C =7180.96+513.6761073T71.7061076T 2+ (9)

+1290T71783.1261073T lnT.

With a knowledge of the parameters F0(T ), F1(T ) and F2(T )
and the free energy F(T )V2C , it is possible to perform thermody-
namic calculations of phase equilibria involving hexagonal and
cubic nonstoichiometric vanadium carbides.

f. High-temperature vaporisation of vanadium carbide
In studies of the thermodynamic properties of nonstoichiometric
carbides, vapour pressure measurements over a vaporising solid
compound are used along with adiabatic, differential scanning
and bomb calorimetry. From the viewpoint of determining the
thermodynamic properties of nonstoichiometric carbides, con-
gruent vaporisation (sublimation), i.e., vaporisation, which
occurrs in equilibrium conditions without changes in the compo-
sition of the solid phase, is of most interest.

According to the kinetic theory of gases, the rate of vapor-
isation from the surface existing in equilibrium with vapour is
equal to the condensation rate proportional to the equilibrium
vapour pressure p. Under non-equilibrium conditions (for exam-
ple, in the case of vacuum vaporisation from the open surface), the
vaporisation rate is independent of the condensation rate but is
equal to the equilibrium vaporisation rate at this temperature T.75

This is true if the residual pressure in a vacuum chamber is no
higher than 10 Pa (*0.1 mmHg). Therefore, the equilibrium
parameter, viz., the saturated vapour pressure, can be found
from the rate of stationary vacuum vaporisation, after which
many thermodynamic characteristics can be calculated. If the
transition of the condensed phase into vapour is accompanied by
its dissociation, the observed vaporisation rate and the partial
pressures are smaller than the equilibrium values. This fact can be
taken into account by introducing the vaporisation coefficient
a4 1.0.

The kinetic and thermodynamic conditions of congruent
vaporisation of disordered nonstoichiometric interstitial com-
pounds have been considered in detail in the monograph.1 The
thermodynamics of congruent vaporisation of nonstoichiometric
compounds was investigated also in the studies.76, 77

The vapour composition over the VC±C system in the
temperature range of 2417 ± 2603 K was studied by mass spec-
trometry.78 Judging from theX-ray diffraction data and the lattice
parameter, the authors used a sample containing carbide VC0.88

along with free carbon. The vapour pressure was not measured
and only data on the V :VC2 ratio in the gas phase were reported.

The studies 79, 80 were concerned with vaporisation of vana-
dium carbide by the Knudsen effusion method in the temperature
range of 2346 ± 2545 K. Taking into account the method of the
synthesis, the composition of the resulting carbide is VC0.99 .
Hence, the study was, apparently, performed with the use of
carbide VC0.88 containing a large amount of free carbon. The
vaporisation rate was determined from the mass change upon
vaporisation. Vaporisation did not lead to a change in the
composition of vanadium carbide, and the condensate consisted
of pure vanadium. The temperature dependence of the vapour
pressure of vanadium pV (in atm) over the VC±C system is
described by the equation

log pV=7.637
30 700

T
. (10)

Investigation of the phase equilibria in the V ±C system
demonstrated 10 that heating of vanadium carbide of any compo-
sition in vacuo leads to the predominant loss of the metal. Vapor-

isation of vanadium carbide becomes noticeable at temperatures
higher than 1800 K.

Storms 11 found the temperature dependence of the vapour
pressure of vanadium (in atm) based on the thermochemical
characteristics of dissociation of carbide VC0.88 in equilibrium
with carbon

log pV=7.567
31 210

T
. (11)

Vaporisation of carbide VC0.84 in the temperature range from
2073 to 2423 Kunder vacuumof 0.0013 Pa (161075 mmHg)was
investigated 81 by the Langmuir method based on the determina-
tion of the vaporisation rate from the open surface of a sample
heated in vacuo. The total time of vacuum vaporisation varied
from 42 h at 2073 K to 12 h at 2423 K. During vaporisation, the
crystal lattice parameter on the sample surface slightly increases.
Taking into account the changes in the chemical composition and
the lattice parameter, the vaporisation rate of vanadium atoms
during vacuumheating of carbide VCywas initially larger than the
vaporisation rate of carbon atoms, i.e., VV/VC>1/y. As a result,
the samples were depleted in metal and enriched in carbon, and
their compositions became close to the upper boundary of the
homogeneity region of cubic carbide (VC0.88 ). Vacuum heating of
vanadium carbide leads to vaporisation of not only vanadium but
also of carbon, because elimination of free carbon was observed
neither on the surface nor in the bulk of the samples. At
2000 ± 2400 K, vaporisation of vanadium carbide occurs accord-
ing to the reaction 81

VCy (sol.) V (gas)+ yC (gas), (12)

the composition of the congruently vaporising carbide varied
from VC0.85 to VC0.87 and was shifted to the upper boundary of
the homogeneity region with increasing temperature. A similar
conclusion about the predominant loss of the metal and the shift
of the composition of vanadium carbide to the upper boundary of
the homogeneity region as a result of vaporisation has been drawn
earlier in the study.10

An increase in the temperature from 2073 to 2423 K led to an
increase in the total rate of vacuum vaporisation of vanadium
carbides by a factor of almost 300, and the mass loss through
vaporisation at 2423 K for one hour was 6%±7%. The exper-
imental data on the vaporisation rate of vanadium carbide (in
kg m72 s71) at 2000 ± 2500 K can be described by the equation 81

lnV=25.1177
80 900

T
� 0.015. (13)

The partial pressures of vanadium and carbon over con-
gruently vaporising vanadium carbides were estimated from the
measured vaporisation rate and assuming that the vaporisation
coefficient of vanadium is 1.81 At 2073, 2273 and 2423 K, con-
gruent vaporisation of carbides VC0.85 , VC0.86 and VC0.87 ,
respectively, was demonstrated to occur. The estimated partial
pressures of vanadium and carbon were as follows: 1.161073 and
0.961073 Pa over carbide VC0.85 at 2073 K; 0.035 and 0.030 Pa
over carbide VC0.86 at 2273 K; and 0.34 and 0.30 Pa over carbide
VC0.87 at 2423 K, respectively.

Vaporisation in the V ±C system was thoroughly investi-
gated 50 by mass spectrometry using a Knudsen effusion cell. The
vapour was ionised and the ion current rather that its absolute
pressure was measured. Several samples of vanadium metal and
18 samples of vanadium carbides of different compositions were
used in measurements. The measurements for the samples of
different compositions were carried out in the temperature ranges
of 1445 ± 1819, 1740 ± 2226 and 1809 ± 2173 K. The activity of
vanadium (aV) was determined as the ratio of the ion currents of
vanadium metal and vanadium carbide vaporised under compa-
rable conditions. In these calculations, the heat of vaporisation of
vanadium metal (532.1 kJ mol71 ) was used as the basic value.
The plots of log aV vs y for 1700 and 2000 Kwere constructed, and
the carbon activity aC was calculated by numerical integration
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according to the Gibbs ±Duhem equation. In the investigation,50

the equation was not given in an explicit form. However, the
carbon activity was, apparently, determined by integration of the
following equation:

d ln aC � ÿ
1

y
d ln aV . (14)

The partial enthalpies of vaporisation of vanadium and
carbon were calculated by the equation

DHV�C� � DH �V�C� ÿ RT ln aV�C� (15)

using the enthalpies of vaporisation of vanadium and carbon at
1650 K: DH �V =525.4 and DH �C =713.8 kJ mol71 .

The free energies of formation of vanadium carbides VCywith
different carbon contents at 1700 K were calculated 50 according
to the formula

DFf (y,T )=RT (ln aV+ y ln aC)+ (16)

+RT [y lny+(17y)ln(17y)].

At 1700 K, DFf (y,1700) varied from 719.9 for VC0.74 to
721.3 kJ mol71 for VC0.88 . The enthalpy of formationDH�f 298 of
carbide VC0.88 is 7104.6� 1.8 J mol71 . It should be noted that
the results published in the study 50 were obtained for the temper-
ature range higher than the temperature of the order ± disorder
transition VCy ±V8C7 , i.e., for the disordered state of vanadium
carbide.

III. Ordered phases of nonstoichiometric vanadium
carbides

Cubic vanadium carbide VCy is the first transition metal carbide,
in which ordering was observed,12 and is one of a few strongly
nonstoichiometric carbides, in which atom-vacancy ordering was
studied in detail. Let us consider the main concepts related to this
ordering.

Atomic or atom-vacancy ordering is a synonym of a disor-
der ± order structural phase transition (magnetic ordering in the
case ofmagnetic phase transitions). Ordering as a phase transition
is a result of atomic redistribution over sites of the crystal lattice of
a substitutional solid solution. In the disordered state, compo-
nents of the solid solution, which can replace each other, are
randomly distributed over the sites of the crystal lattice and the
probability of occupancy of a particular site by an atom of a
particular type is equal to its concentration in solution. A decrease
in the temperature leads to ordering, with the result that the crystal
lattice sites of a disordered solution are divided into several
sublattices. Sublattices of an ordered solution differ from each
other in the probability of occupancy of the sites by atoms of a
particular type. Ordered phases generated by dividing the lattice
of a disordered crystal into several sublattices are called super-
structures.

Ordering can also occur in interstitial solid solutions, if the
number of interstitial sites is larger than the number of atoms
occupying these sites. In the ordering process in interstitial
solutions, vacancies and interstitial atoms serve as components
of substitutional solutions, whereas solvent atoms form a sta-
tionary atomic framework, within which the interstitial atoms and
vacancies are redistributed.

In disordered nonstoichiometric compounds, all sites of the
non-metal sublattice are crystallographically equivalent. Ordering
is accompanied by redistribution of interstitial atoms and struc-
tural vacancies over the non-metal sublattice sites. As a result, the
crystal lattice sites of the disordered solution become non-equiv-
alent and are divided into at least two sublattices, which differ in
the probability of occupancy of the sites by atoms of one and the
same type. From the above it is evident that nonstoichiometry is a
prerequisite for ordering in imperfect interstitial compounds,
because it is responsible for the fact that the number of interstitial

sites is larger than the number of atoms. Hence, the presence of
structural vacancies in nonstoichiometric interstitial compounds
leads, under certain conditions, to ordering. In the simplest case,
ordering in a non-metal sublattice consists in dividing the system
formed by octahedral interstitial sites of the metal sublattice into
two new sublattices. All sites in the first superstructure sublattice
are occupied by interstitial atoms, whereas the sites in the second
sublattice are vacant. Hence, it is safe to assume that ordering in
nonstoichiometric compounds gives rise to a vacancy sublattice.

Ordering in non-metal sublattices of nonstoichiometric com-
pounds is accompanied by lowering of crystal symmetry.
Actually, some symmetry transformations of a disordered non-
metal sublattice, which relate the occupied sites to the vacancies,
are not involved in the symmetry group of the ordered crystal,
because these sites are crystallographically non-equivalent.

Over many years, the positions of interstitial atoms in lattices
of nonstoichiometric compounds were determined primarily by
X-ray diffraction methods. However, X-ray scattering amplitudes
for interstitial atoms are small compared to those for metal atoms,
due to which it is not always possible to determine the positions of
interstitial atoms by analysing the intensities of diffraction lines.
Hence, it is a wide spread opinion that interstitial atoms in non-
metal sublattices of nonstoichiometric compounds are always
randomly distributed.

The development of experimental techniques and, particu-
larly, the use of neutron diffraction,made it possible to reveal that,
under certain conditions, an ordered distribution of interstitial
atoms can occur in nonstoichiometric compounds. The neutron
diffraction technique is one of the most informative methods for
studying nonstoichiometric interstitial compounds, because neu-
tron scattering intensities of transition metal nuclei are compara-
ble with those of light elements. Ordering of interstitial atoms in
these compounds was detected also by other diffraction methods,
such as electron diffraction, high-resolution X-ray diffraction and
various physicochemical methods.

Ordering of interstitial atoms has been experimentally
observed in most nonstoichiometric carbides of Group IV and V
transition metals.

Vanadium carbides VCy and V2Cy 0 are rather convenient to
study. Since the X-ray scattering amplitude for the vanadium
atom differs not very much (by a factor of *5) from that for
carbon, superstructure reflections can be observed in X-ray
diffraction patterns. The neutron scattering amplitude for the
vanadium atom is negative and small in magnitude compared to
that for the carbon atom (70.038610712 and 0.665610712 cm,
respectively).82 For this reason, the ordered non-metal (carbon)
sublattice makes the major contribution to neutron diffraction
from vanadium carbide, and the most intense superstructure
reflections are weaker than the structure reflections (111)B1 and
(200)B1 by only a factor of 11 ± 20, i.e., these reflections are quite
observable. Besides, vanadium carbide can be studied by NMR
spectroscopy, because the 51V nuclei have the nonzero spin
I=7/2. The structures of ordered phases of nonstoichiometric
vanadium carbides VCy andV2Cy 0 were studied byX-ray, neutron
and electron diffraction, NMR spectroscopy and electron and
optical microscopy. However, in spite of the fact that ordering in
vanadium carbides was studied more thoroughly compared to
other transition metal carbides, many experimental data on the
compositions and structures of ordered phases of carbide VCy

were not confirmed in later studies. These phases are not men-
tioned in the present review.

1. NMR spectroscopic studies of vanadium carbide
NMR spectroscopy provides information on the mutual arrange-
ment of interstitial atoms and structural vacancies in non-metal
sublattices of nonstoichiometric compounds, i.e., information on
the short-range order in such compounds. As a rule, no more than
three ± four types of the nearest environment of metal atoms
formed by carbon atoms and vacancies are observed in ordered
phases of nonstoichiometric carbides.3, 4 Hence data on the short-
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range order in non-metal sublattices of carbides obtained by
NMR spectroscopy provide indirect evidence for the presence of
a particular ordered phase in samples.

The nearest environment of the vanadium atom in carbide
VCywith theB1 structure involves three coordination spheres (see
Fig. 4). The first coordination sphere is formed by six occupied or
partially vacant sites of the non-metal sublattice. The second
ordered coordination sphere consists of 12 metal atoms. The third
coordination sphere is formed by eight sites of the non-metal
sublattice occupying the vertices of the cubic unit cell. It is
convenient to describe the environment of the metal atoms with
the use of superscripts and subscripts indicating the numbers of
vacancies in the first and third non-metal coordination spheres,
respectively. For example, the vanadium position V2

0 signifies that
the first coordination sphere of vanadium is complete (contains no
vacancies), whereas the second non-metal coordination sphere has
two vacancies.

Carbides VCy with y=0.66, 0.70, 0.80, 0.84 and 0.875 were
studied by NMR spectroscopy throughout the homogeneity
region of the cubic phase.83 The 51V NMR spectra of carbides
VC0.875 , VC0.84 and VC0.70 show several resonance lines, whose
intensities depend on the composition of VCy. The intensities of
two lines rapidly decrease, whereas the intensity of the third line
increases as the carbon content decreases. The spectrumof carbide
VC0.70 shows an additional weak line. All observed lines and their
satellites in the 51V NMR spectra of VCy were compared with the
positions of the vanadiumatoms, whose first coordination spheres
have different numbers of vacancies: V0 (without vacancies), V1

(with one vacancy), V2 and V3 . The following expression relating
the jump in the Knight shift (K ) to the number of vacancies (n) in
the nearest environment of the vanadium atom was derived:

Kn7Kn71& nK0 , (17)

where K0& 0.07%± 0.09%, i.e., the jump in the Knight shift is
proportional to the number of vacancies in the first coordination
sphere of the vanadium atom in VCy .

To elucidate the character of distribution of vacancies in
vanadium carbide, the experimental distribution of probabilities
P(n) of vanadium sites was compared with the random distribu-
tion of probabilities calculated by the formula

P(n)=C n
6�1ÿ y�ny6ÿn. (18)

For all VCy samples under consideration, the experimental
distributions differed from the random distribution. For example,
a decrease in the carbon content leads to a much more rapid
decrease in the probability of existence of the V0 positions with the
complete (without vacancies) environment in the first coordina-
tion sphere compared to the random distribution, and the V3

positions are observed much more rarely. A small number of the
V3 positions and the absence of vanadium atom positions, whose
first coordination spheres have four or more vacancies, were
attributed to repulsion between the adjacent vacancies. Therefore,
according to the results of the study,82 cubic vanadium carbide has
a short-range order.

The 51V NMR spectrum of carbide VC0.875 differs substan-
tially from the spectra of other vanadium carbides. In particular,
the intensity ratio of the lines corresponding to the V0 and V1

positions is 1 : 3. Assuming that the relative intensity of each line is
proportional to the relative number of the corresponding posi-
tions, three-fourths of all vanadium atoms in carbide VC0.875 have
one vacancy in the first coordination sphere, whereas the rest of
the vanadium atoms have a complete environment. This distribu-
tion of vacancies is indicative of the presence of the V8C7-type
superstructure with the space group P4332 or P4132.12 However,
the authors of the publication 83 cast doubt that this model of
distribution of vacancies is quite consistent with the real lattice.
Actually, this superstructure characterised by a helicoidal
arrangement of vacancies has only the V1

0 and V1
1 positions,

whereas analysis of satellites in the NMR spectrum suggested the

existence of three types of positions V1, which could not be
resolved.

Interesting results were obtained in the study of an annealed
single crystal of VC0.84.13, 84 The 51V NMR spectra of this carbide
were resolved into lines corresponding to the V0 and V1 positions.
Investigation of the satellites made it possible to resolve the
intense band of V1 into lines corresponding to the V0

1 ,V
1
1 and V2

1

positions which have no vacancies, one vacancy and two vacancies
in the second coordination sphere, respectively. In the spectra, the
intensity ratio of the V1

1 and V
2
1 lines is 2 : 1. Hence, it is reasonable

to assume that the number of the V1
1 positions in the carbide under

study is twice as large as the number of the V2
1 positions. Taking

into account high intensities of the lines, the corresponding V1
1 and

V2
1 positions can be considered as positions of an ordered structure

of vanadium carbide.
In the study of VC0.84 by electron diffraction,13 the authors

suggested the trigonal symmetry for the ordered phase V6C5 . The
available NMR data made it possible to describe the distribution
of carbon atoms and vacancies in the trigonal unit cell, i.e., to
determine the structure of V6C5 , taking into account the ratio of
the number of the V1

1 positions to the number of the V2
1 positions.

The trigonal superstructure of V6C5 with the space group P31 can
be represented as helical chains composed of V6C5& quasimole-
cules. The presence of weak lines corresponding to the V0 and V0

1

positions was attributed to the deviation of the composition of
vanadium carbide VC0.84 from the ideal composition of the
ordered phase V6C5 (VC0.83). It should be noted that the presence
of these lines can be associated also with the violation of the long-
range order in the sample under investigation.

Attempts to obtain quantitative data on the short-range order
in carbide VCy by minimisation of the 51V NMR spectra were
made in the studies.85, 86 The experimental 51V NMR spectra of
carbides VC0.75 , VC0.84 , VC0.85 , VC0.86 and VC0.87 are analogous
to the spectra described in the study 83 and have resonance lines
corresponding to the V0 , V1 and V2 vanadium atom positions.
Assuming that the lines in the spectra are associated with the fact
that the crystals contain nuclei in different local environments
(different positions of metal atoms), and the intensity of the line is
proportional to the number of positions of a particular type, the
theoretical intensity of the line was represented as

Itheor(n)=
X
i

liPiIi (n), (19)

wherePi is the probability of existence of a cluster characterised by
the ith configuration of the nearest environment of the resonating
nucleus formed by non-metal atoms, li is themultiplicity of the ith
configuration; and Ii (n) is the mathematical model of the ideal
spectral line for this configuration. (In the study,85 the lines were
described by the Gaussian distribution; the octahedron composed
of six sites of the non-metal sublattice containing a metal atom in
the centre was chosen as the basic cluster.) The probabilities Pi

were represented as an expansion in series of pair and multi-
particle correlation parameters, which were determined by mini-
misation of the functional

P
[Itheor(n)7Iexp(n)]2. The spectra were

best described taking into account pair and triple correlations.
The consideration of higher-order correlation moments did not
lead to a substantial change in the spectra.

According to the results of the studies,85, 86 the pair correla-
tions e21 describing the distribution of carbon atoms (or vacancies)
between two adjacent vertices of the octahedron, which are
located relative to each other in the first coordination sphere, are
negative throughout the homogeneity region of vanadium car-
bide. This fact indicates that the probability of finding vacancies in
the nearest proximity to each other is lower than that in the case of
random distribution throughout the homogeneity region of VCy .
The short-range order parameter a1 for the first coordination
sphere is approximately equal to 70.1. This parameter slowly
increases in magnitude and passes through a minimum in the
vicinity of the VC0.83 composition as the deviation from the
stoichiometry increases.
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The results of calculations 85, 86 for the correlations and the
short-range order parameter in vanadium carbide are on the
whole consistent with the results of the publications.13, 83, 84 The
latter data provide evidence that there is the short-range order in
carbide VCy due to repulsions between vacancies. In the mono-
graph,86 the presence of ordered phases of vanadium carbide was
erroneously attributed to a particular short-range order. In the
studies,3, 4, 19, 87, 88 it was demonstrated that the long-range order
does not necessarily appear in nonstoichiometric compounds with
the B1 structure even in the presence of the highest short-range
order in the first and second coordination spheres. Hence, the
presence of the short-range order in strongly nonstoichiometric
carbides is a necessary but not sufficient condition for the presence
of the long-range order.

2. Diffuse electron scattering
Ordering in nonstoichiometric vanadium carbides was studied
also by diffuse electron scattering. The short-order range param-
eters ahkl for eight nearest coordination spheres of non-metal
sublattices were calculated 89, 90 using experimental data 45 on the
intensities of diffuse electron scattering by vanadium carbide
VC0.75 . The vacancy was chosen as the centre of the coordination
spheres. For nonstoichiometric carbide MCy , the number of
carbon atoms nC and the number of vacancies n& in the jth sphere
with coordination number zj are

nC= zj (17aj)y, (20)

n&= zj [17(17aj)y].

With a knowledge of the short-range order parameter (including
aj=0), the number of carbon atoms and the number of vacancies
in the corresponding coordination sphere can be calculated by
these equations.

The calculated parameters a and the numbers nC and n& in
each coordination sphere are given in Table 7. For comparison,
these values were calculated for the ordered phase V6C5 with
monoclinic (space group C2/m or C2) or trigonal (space group
P31) superstructures (ideal M6X5-type superstructures do not
differ in the short-range order) and disordered carbide VC0.75 .

As can be seen from Table 7, the distribution of carbon atoms
and vacancies in the non-metal sublattice of carbide VC0.75

determined in the studies 45, 89, 90 differs substantially from the
random distribution in disordered carbide VC0.75 . In the first two
coordination spheres, the numbers of vacancies are much smaller
than those observed for the random distribution. The parameter a
oscillates and decreases in magnitude with increasing radius of the
coordination sphere. The data on the distribution of carbon atoms
and vacancies were interpreted 89, 90 as a consequence of mutual
repulsion between the vacancies, and it was noted that an
analogous short-range order should be observed in niobium and

tantalum carbides. A conclusion about the same type of short-
range order in nonstoichiometric Group V transition metal
monocarbides was drawn also in the study.91 The authors of the
cited paper believed that it is impossible to prepare completely
disordered (without short-range order) VCy samples with
y>0.78.

Diffuse electron scattering was also used to study the short-
range order in lower hexagonal carbides V2Cy 0 and Nb2Cy0 .92 It
was demonstrated that the short-range order and the long-range
order in these carbides are associated with the distribution of
carbon atoms and structural vacancies in regular
C7&7C7&7... rows parallel to the c axis. A comparison of
the experimental and calculated diffuse scattering intensities
revealed the possible types of ordering in carbides V2C andNb2C.

3. Crystal structures of ordered phases of nonstoichiometric
vanadium carbides
Most precise and detailed information on the crystal structures of
ordered phases of nonstoichiometric compounds can be obtained
by diffraction methods. Principal structural characteristics of
both experimentally observed and calculated ordered phases of
nonstoichiometric lower hexagonal V2Cy 0 and cubic VCy vana-
dium carbides are given in Table 8.

In disordered lower vanadium carbide V2Cy 0 (b-V2C) with a
hexagonal structure of the L03 (W2C) type, the hexagonal e-Fe2N-
type ordered phase b0-V2C (bh-V2C) initially appears due to
ordering caused by lowering of the temperature. At temperatures
lower than 1100 K, the orthorhombic z-Fe2N-type ordered phase
br-V2C (a-V2C) is formed. The existence of the hexagonal ordered
phase b0-V2C (bh-V2C) was documented.37, 44, 47, 93, 94, 105 ± 109 The
orthorhombic ordered phase br-V2C (a-V2C) was found in the
studies.44, 46, 93, 94, 105, 108 ± 113 However, the refined data on the
structures and crystal lattice parameters, the conditions of for-
mation, concentrations and temperature ranges of existence of
these phases obtained by different (and sometimes the same)
research groups are not quite consistent with each other. Insta-
bility of the hexagonal e-Fe2N-type ordered phase b0-V2C
(br-V2C) was noted in the investigation.107 This high-temperature
ordered phase was not observed in quenched samples of lower
vanadium carbide.92, 113 However, the results of experimental
studies 108, 109 performed by high-temperature neutron diffraction
demonstrated that the orthorhombic z-Fe2N-type phase br-V2C
(a-V2C) is a low-temperature ordered phase of lower vanadium
carbide. An increase in the temperature leads to the transforma-
tion of the latter phase into the high-temperature ordered e-Fe2N-
type hexagonal phase b0-V2C (bh-V2C). The authors of these
studies hypothesised that samples of lower vanadium carbide,
whose composition differs from stoichiometric V2C, undergo a
polymorphic transformation

br-V2C (a-V2C) b0-V2C (bh-V2C)

Table 7. Short-range order parameters (a), numbers of carbon atoms (nC) and vacancies (n&) in the coordination spheres (hkl ) of carbide VC0.75 , the ideal
ordered phase V6C5 and disordered carbide VC0.75 (see Ref. 89).

CS a CNb VC0.75 Ideal superstructure of V6C5 Disordered carbide

(space group C2/m, C2, P31)

a nC n& a nC n& a nC n&

110 12 70.178 10.6 1.4 70.2 12 0 0 9 3

200 6 70.260 5.7 0.3 70.2 6 0 0 4.5 1.5

211 24 0.176 14.8 9.2 0.2 16 8 0 18 6

220 12 0.008 8.9 3.1 0 10 2 0 9 3

310 24 0.041 17.3 6.7 0 20 4 0 18 6

222 8 70.171 7.0 1.0 70.2 8 0 0 6 2

321 48 70.070 38.5 9.5 70.1 44 4 0 36 12

400 6 0.143 3.8 2.2 0.2 4 2 0 4.5 1.5

aCS is the coordination sphere (hkl ) with the radius Rj=(aB1/2)(h2+ k2+ l 2)1/2 (aB1 is the lattice parameter of disordered carbide VCy with the B1

structure; a vacancy is located in the centre of the coordination sphere). b CN is the coordination number of the sphere (hkl ).
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in a two-phase region (br-V2C+ bh-V2C). For example, only
orthorhombic ordered z-Fe2N-type phase was observed 108 in
neutron diffraction patterns of lower carbide VC0.47 at temper-
atures up to 1373 K inclusive. At 1393 K, the neutron diffraction
pattern has reflections of the orthorhombic and hexagonal
ordered phases. At 1413 K, the diffraction pattern shows super-
structure reflections corresponding only to the high-temperature
ordered e-Fe2N-type phase.

As can be seen from Table 8, M3C2-, M6C5- and M8C7-type
ordered phases can exist in nonstoichiometric cubic vanadium
carbide. In carbide VCy , the first of these phases has not been
experimentally detected.However, the possibility of its existence is
supported by thermodynamic calculations. The phase V8C7 was
experimentally found only in vanadium carbide and was not
observed in carbides of other transition metals. The existence of
this phase is associated with the specific position of the upper
boundary of the homogeneity region of vanadium monocarbide
for VC0.875 .

As for the symmetry of the ordered phases, the trigonal (space
group P31) 13, 25, 69 and monoclinic (space group C2) 43, 45 V6C5-
type ordered phases and the cubic (space group P4332) ordered
phase V8C7 were found in VCy .12, 46 ± 49, 69, 103, 104 It should be
noted that V8C7 (see Ref. 12) is the first ordered phase exper-
imentally found in nonstoichiometric carbides. Hardening of
high-vanadium cast iron was demonstrated 98 to be accompanied

by the formation of the disperse ordered carbide phases V6C5 and
V8C7 . The phase V6C5 is monoclinic (space group C2/m) and is
structurally similar tomonoclinic ordered niobium carbideNb6C5

(space group C2/m).99 ± 102 In high-carbon cast iron, monoclinic
carbide V6C5 is located in the centre of eutectic grains, whereas the
cubic (space group P4332) ordered phase V8C7 can occur in the
outer layer of the grains.98 The formation of the ordered phase
V6C5 was observed in the study 114 of vanadium-containing steel
annealed at 1000 K for 50 ± 150 h by transmission electron micro-
scopy and electron diffraction. Data on the symmetry of the V6C5

phase found in this study are lacking. Calculations demonstrated
that the ordered phase V3C2 can exist,25 ± 27, 32 and this phase can
have orthorhombic (space group Immm or C2221) or monoclinic
symmetry (space group P2).

Investigations of the trigonal ordered phase V6C5 by electron
diffraction and electron miscroscopy 13, 115 showed that this phase
is stable at temperatures close to the transition temperature to the
disordered state, because this phase is disordered as a result of its
heating with electron beam.115 The monoclinic ordered phase
V6C5 is, apparently, formed at temperatures lower than the
temperature of formation of the trigonal phase V6C5.43 Actually,
neutron diffraction studies demonstrated 95 ± 97 that the mono-
clinic phase is stable in the temperature range of 1050 ± 1370 K,
and the trigonal phase exists in the range of 1140 ± 1520 K.
According to the average experimental estimates, the lower

Table 8. Ordered phases of strongly nonstoichiometric vanadium carbides.

Ordered phase Basic phase Note Ref.

composition non-metal symmetry space unit cell parameters compo- lattice

content (at.%) group (lattice parameters sition type

in nm)

br-V2C *33.0 (VC0.5) orthorhombic, Pbcn a=0.4567= c0 , V2Cy 0 L03 Ttr<1100 K 93, 94

(a-V2C) z-Fe2N type b=0.5744=2a0 ,

c=0.5026& a0
���
3
p

b0-V2C *33.0 (VC0.5) hexagonal 7 a=0.4997& a0
���
3
p

, V2Cy 0 L03 prepared by quenching 93, 94

(bh-V2C) c=0.4568= c0 from 1800 K

V3C2 VC0.667 ±VC0.710 7 7 7 VCy B1 calculation; Ttr<1155 K; 27, 32

(VC0.67 ±VC0.72 the homogeneity region

at 300 K) corresponds to 800 K

V6C5 VC0.745 ±VC0.831 7 7 7 VCy B1 calculation; Ttr<1485 K; 27, 32

the homogeneity region

corresponds to 1100 K

V6C5 *45.5 (VC0.83) trigonal P31 , P32 a=0.509, c=1.44 VCy B1 according to the results 13, 25,

of the studies,95 ± 97 the tri- 26, 69,

gonal phase is intermediate 95, 96

between the disordered

phase VCy and the mono-

clinic phase V6C5

V6C5 *45.5 (VC0.83) monoclinic C2 a=0.509, b=1.018, VCy B1 Ttr<1420K 43, 45,

c=0.882, g=109.88 96, 97

V6C5 *45.5 (VC0.83) monoclinic C2/m 7 VCy B1 Nb6C5 structure type 98

(see Refs 99 ± 102)

d0-VCy *45.5 (VC0.83) trigonal 7 a=0.5885& a0
���
2
p

, VCy B1 Ttr<1300K 93

c=1.443& 2a0
���
3
p

d00M-VCy 45.0 ± 47.0 monoclinic 7 a=(a0
���
3
p

)/2, VCy B1 Ttr<1500K 93

b= a0
���
6
p

,

c= 8a0
���
2
p

,

g=109.478

V8C7 *46.6 (VC0.87) cubic P4332 a=0.8332& 2a0 VCy B1 first-order phase 12, 43,

transition; Ttr< 1500 K 46 ± 49,

69,

98 ± 104
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boundary of the homogeneity region of the ordered phase V6C5

corresponds to carbide VC0.75 ± 0.77 , and the upper boundary
corresponds to carbide VC0.82 ± 0.86 . An ambiguity of the bounda-
ries, particularly, of the upper boundary, is associated with the
difference in the conditions of annealing of carbide VCy used in
different experiments. Annealed samples of carbide VCy with
y5 0.83 contained already two ordered phases, viz., V6C5 and
V8C7 . The single-phase region of existence of the cubic super-
structure of V8C7 is very narrow (no broader than fromVC0.863 to
VC0.875 , i.e., to the upper boundary of the homogeneity region of
disordered VCy ). The precise determination of the chemical
composition of vanadium carbide, as well as of other refractory
carbides, is a rather complicated problem. However, taking into
account the errors in the determination of the composition, it can
be assumed that vanadium carbides containing only the ordered
phase V8C7 have the composition VC0.870� 0.005 . This may be
evidence that the ordered phase V8C7 has no homogeneity region
and is formed only upon annealing of carbide VC0.875. If the
carbon content of carbide is smaller, the phase V8C7 is present
along with the ordered phase V6C5 .

Therefore, several ordered M6C5-type phases of different
symmetry and the ordered cubic M8C7-type phase were found in
nonstoichiometric carbide VCy . Let us consider their structures in
more detail using such concepts as the disorder ± order transition
channel and the distribution function n(r) of atoms between the
sites r in an ordered crystal lattice. The distribution function n(r)
has the symmetry of the ordered crystal lattice and reflects the
probability of finding an atom of this type in the site r. In a
disordered crystal, the probabilities n(r) are equal for all sites and
coincide with the fraction of lattice sites occupied by atoms of this
type. For example, the distribution function n(r) of the atoms X in
the disordered nonstoichiometric compound MXy&17y is equal
to the fraction of lattice sites occupied by these atoms, i.e.,
n(r)= y.

The space-periodic modulation of the atom distribution (the
deviation of the probability n(r) from its value for the random
distribution) resulting in the formation of an ordered phase can be
represented as a superposition of several plane concentration
waves.116 The wave vectors of the latter are the superstructure
vectors k� j �s of the reciprocal lattice in the first Brillouin zone of the
disordered lattice. In the static concentration wave method,116 the
distribution function of atoms of this type is described through a
fraction of sites occupied by these atoms and the superposition of
the static concentration waves

n(r)= y+
X
s

X
j2 s

D(k� j �s , r), (21)

where D(k� j �s , r) is the standing plane static concentration wave
generated by the superstructure vector k� j �s of the star {ks}.{ The
equation for this wave takes the form

D(k� j �s ,r)=
1

2

h
Q(k� j �s ) exp(ik� j �s r)+Q*(k� j �s )exp(7ik� j �s r)

i
, (22)

where Q(k� j �s ) is the concentration wave amplitude

Q(k� j �s )= Zsg(k� j �s ), (23)

Zs is the long-range order parameter and g(k� j �s )= gs exp(ij� j �s ) is
the coefficient taking into account the crystal symmetry. The
coefficient g(k� j �s ) is chosen so that the long-range order parame-
ters equal to unity correspond to a completely ordered crystal of
stoichiometric composition. Taking into account Eqn (23), the
expression (22) can be represented as follows

D(k� j �s ,r)=
1

2
Zs
h
g(k� j �s )exp(ik� j �s r)+ g*(k� j �s )exp(7ik� j �s r)

i
. (24)

From Eqns (21) and (24) it follows that the long-range order
parameter Zs corresponds to each star of the wave vector {ks}. In
the sites r located in the crystallographically equivalent positions,
the distribution function takes the same value because it is
invariant with respect to rotation and reflection involved in the
point symmetry group of an ordered crystal. The number of values
assumed by the distribution function at the sites of an ordered
lattice is one unit larger than the number of long-range order
parameters.

Summation in Eqn (21) is carried out over all non-equivalent
superstructure vectors of the first Brillouin zone of the disordered
lattice, i.e., over all superstructure vectors involved in the disor-
der ± order phase transition channel.3, 4, 117

Analysis of the symmetry of the M6C5-type (M6C5&-type)
superstructures formed in nonstoichiometric transition metal
carbides was carried out in the studies.117, 118

The unit cell of the monoclinic (space group C2/m) super-
structure of M6C5 is shown in Fig. 9. The translation vectors of
this unit cell and the coordinates of atoms and vacancies are given
in Table 9.

The translation of all superstructure sites of the reciprocal
lattice of the monoclinic ordered phase M6C5 shows that the first

{The wave vector star is a set of all nonequivalent vectors generated from

the vector k by rotation elements of the point symmetry group of the

crystal. The wave vector star is denoted by {k}, and the individual vectors

involved in this set are called the arms of the star. The detailed definition of

the wave vector star was given in publications.3, 4

[001]B1

c

b

a

[100]B1

[010]B1

C

M

Vacancy

Figure 9. Position of the monoclinic (space group C2/m) unit cell of the

superstructure M6C5 in the lattice with the B1 structure.

Table 9. Monoclinic [space group C2/m (C3
2h)] superstructure of M6C5

(V6C5).

Atom Position Atomic coordinates in Distribution function

and multi- ideal ordered structure a n(xI , yI , zI)

plicity

x/am y/bm z/cm

C 1 2(a) 0 0 0 n1=y7Z9/67Z4/37Z3/3
(vacancy)

C 2 2(d ) 0 1/2 1/2 n2=y+Z9/67Z4/3+Z3/3
C 3 4(g) 0 1/3 0 n3=y7Z9/6+Z4/6+Z3/6
C 4 4(h) 0 1/6 1/2 n4=y+Z9/6+Z4/67Z3/6
M 1 4(i ) 1/4 0 3/4

M 2 8( j ) 1/4 2/3 3/4

a Parameters of the monoclinic unit cell:

am=
1

2
h1�1�2iB1, bm=

3

2
h110iB1, cm=

1

2
h1�12iB1.
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Brillouin zone of the disordered face-centred cubic (FCC) lattice
contains five non-equivalent superstructure vectors belonging to
three stars {k9}, {k4} and {k3}.{ These five vectors are involved in
the phase transition channel associated with the formation of the
ordered phase M6C5 (space group C2/m).

Calculations demonstrated 3, 4, 53, 117 that the distribution
function describing the superstructure of M6C5 takes the form

n(xI ,yI ,zI)= y7
Z9
6
cos[p(xI7yI+ zI)]7 (25)

7
Z4
3
cos

4p�xI � yI�
3

ÿ Z3
3
cos

p�xI ÿ 5yI ÿ 3zI�
3

,

where xI , yI , zI are the coordinates of the nodes of the ordered
non-metal FCC sublattice, r: xI , yI , zI .

The distribution function (25) at all sites of the basic non-
metal FCC sublattice takes four values (see Table 9). This
indicates that, in the case of the above ordering, the non-metal
sublattice of disordered nonstoichiometric carbideMCy is divided
into four non-equivalent sublattices. The probability of occu-
pancy of the sites of the first sublattice by interstitial atoms is n1,
the probability of occupancy of the sites of the second sublattice is
n2, etc. The resulting distribution function is a superposition of
three concentration waves related to three long-range order
parameters, Z9, Z4 and Z3, respectively.

The trigonal (space group P31) unit cell of the superstructure
of M6C5 is shown in Fig. 10. The translation vectors of this unit
cell and the coordinates of atoms and vacancies in the ideal
trigonal superstructure of M6C5 are given in Table 10. The
disorder ± order phase transition channel giving rise to the trigonal
superstructure of M6C5 includes 13 arms belonging to three stars
{k9}, {k4} and {k3}. Hence, the distribution function, as in the
above-considered case, depends on three long-range order param-
eters

n(xI ,yI ,zI)= y7
Z9
6
cos[p(xI7yI+ zI)]7 (26)

ÿ Z4
6

�
cos

4p�xI � yI�
3

ÿ
���
3
p

3
sin

4p�xI � yI�
3

ÿ

ÿ 2
���
3
p

3
sin

4p�xI ÿ zI�
3

� cos
4p�yI � zI�

3
�

���
3
p

3
sin

4p�yI� zI�
3

�
ÿ

ÿ Z3
6

�
cos

p�xI ÿ 5yI ÿ 3zI�
3

ÿ
���
3
p

3
sin

p�xI ÿ 5yI ÿ 3zI�
3

�

� 2
���
3
p

3
sin

p�5xI � 5yI � zI�
3

� cos
p�3xI � yI ÿ 5zI�

3
�

�
���
3
p

3
sin
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This distribution function describing the trigonal superstruc-
ture of M6C5 takes the same four values, n1 , n2 , n3 and n4 , as the
distribution function (25), which describes the monoclinic (space
group C2/m) superstructure of M6C5 . However, the mutual
arrangement of the sites of four sublattices in the trigonal ordered
structure differs from that observed in the monoclinic super-
structure. The values of the distribution function (26) are given
in Table 10.

The unit cell of the monoclinic (space group C2) superstruc-
ture of M6C5 is shown in Fig. 11. The translation vectors of this
unit cell and the coordinates of atoms and vacancies in the ideal
monoclinic M6C5-type superstructure are given in Table 11. The
monoclinic ordered phase of M6C5 is formed through the tran-
sition channel involving nine superstructure vectors of the recip-
rocal lattice belonging to four stars {k9}, {k4}, {k3} and {k0}.
Calculations demonstrated 3, 4, 53, 117 that this monoclinic super-
structure of M6C5 is described by the distribution function, which
depends on four long-range order parameters

n(xI ,yI ,zI)= y7
Z9
6
cos[p(xI7yI+ zI)]7 (27)
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{Hereinafter, the numbering of the wave vector stars {ks} of the first

Brillouin zone of the FCC crystal and the arms of the stars are given in

accordance with the monographs,3, 4 where all {ks} stars were described in

detail.
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Figure 10. Position of the trigonal (space group P31) unit cell of the

superstructure M6C5 in the lattice with the B1 structure.

Table 10. Trigonal [space group P31 (C
2
3)] superstructure ofM6C5 (V6C5).

Atom Position Atomic coordinates in Distribution function

and multi- ideal ordered structure a n(xI , yI , zI)

plicity

x/atr y/btr z/ctr

C 1 3(a) 1/9 8/9 1/6 n1=y7Z9/67Z4/37Z3/3
(vacancy)

C 2 3(a) 4/9 5/9 1/6 n3=y7Z9/6+Z4/6+Z3/6
C 3 3(a) 7/9 2/9 1/6 n3=y7Z9/6+Z4/6+Z3/6
C 4 3(a) 1/9 5/9 1/3 n4=y+Z9/6+Z4/67Z3/6
C 5 3(a) 4/9 2/9 1/3 n4=y+Z9/6+Z4/67Z3/6
C 6 3(a) 7/9 8/9 1/3 n2=y+Z9/67Z4/3+Z3/3
M 1 3(a) 1/9 5/9 1/12

M 2 3(a) 4/9 2/9 1/12

M 3 3(a) 7/9 8/9 1/12

M 4 3(a) 1/9 2/9 1/4

M 5 3(a) 4/9 8/9 1/4

M 6 3(a) 7/9 5/9 1/4

a Parameters of the trigonal unit cell:

atr=
1

2
h21�1iB1, btr=

1

2
h�112iB1, ctr=2h1�11iB1.
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At all sites of the basic non-metal FCC sublattice, the
distribution function (27) takes five values (see Table 11).
Hence, as a result of the above-described ordering, the non-
metal sublattice of disordered nonstoichiometric carbide is div-

ided into five non-equivalent sublattices, which differ in the
probabilities of occupancy of their sites by interstitial atoms.

For all the completely ordered M6C5-type phases under
consideration, the relative stoichiometric concentration of carbon
atoms is yst=5/6. If only non-metal sublattices of these super-
structures are considered, the complete atomic planes �1�11�B1, in
which all sites are occupied by carbon atoms, alternate with the
imperfect �1�11�B1 planes, in which one-third of sites are vacant,
along the �1�11�B1 direction (see Figs 9 ± 11). In the imperfect
planes, one-third of all sites are vacant, and each vacancy is
surrounded by interstitial atoms, which form a regular hexagon.

In the completely ordered monoclinic (space group C2/m and
C2) and trigonal (space group P31)M6C5-type carbide structures,
themetal atoms are in the same environment formed by non-metal
sublattice sites (see Table 6, which gives the short-range order
parameters and the distributions of carbon atoms and vacancies
from the first to the eighth coordination spheres in the non-metal
sublattice for the ideal superstructures of V6C5 crystallising in
these space groups). If consideration is restricted to the first and
second coordination spheres, these completely ordered structures
have only two types of metal atom positions (Fig. 12),M1

1 or V
1
1 (a

metal atom with one vacancy in the first coordination sphere and
one vacancy in the second coordination sphere) and M2

1 (V2
1) (a

metal atom with one vacancy in the first coordination sphere and
two vacancies in the second coordination sphere). In the ideal
completely ordered structures of V6C5 (space group C2/m, P31
and C2), two-thirds of all vanadium atoms occupy the V1

1

positions and one-third of vanadium atoms occupy the V2
1

positions. Actually, the 51V NMR spectra of annealed single
crystals of vanadium carbide VC0.84 show lines corresponding to
the V0

1 , V
1
1 and V2

1 positions with the intensity ratio of the V1
1 and

V2
1 lines equal to 2 : 1.13, 84 Taking into account high intensities of

these lines, V1
1 and V2

1 were considered 13, 84 as positions of an
ordered structure of V6C5 (see Section III.1).

The identity of the short-range order in three superstructures
of V6C5 does not allow one to distinguish them based on theNMR
spectroscopic data. It is also difficult to distinguish these super-
structures with the use of diffraction data. That is why the results
obtained in different studies of the structures of ordered phases
V6C5 are so contradictory. In the study,117 a procedure was
developed for calculations of diffraction spectra of superstruc-
tures using the data on the disorder ± order phase transition
channel, and the diffraction spectra of all M2tX2t71-type super-
structures (X=C, N, O; t=1, 1.5, 2, 3, 4), which can exist in
strongly nonstoichiometric compounds, were calculated.

The calculated neutron diffraction spectra of the superstruc-
tures of V6C5 are presented in Fig. 13. It can be seen that the
theoretical diffraction patterns of the ideal monoclinic (space
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b
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Figure 11. Position of the monoclinic (space group C2) unit cell of the

superstructure M6C5 in the lattice with the B1 structure.

Table 11. Monoclinic [space group C2 (C3
2)] superstructure of M6C5

(V6C5).

Atom Position Atomic coordinates Distribution function n(xI , yI , zI)

and mul- in ideal ordered

tiplicity structure a

x/am y/bm z/cm

C 1 2(a) 0 0 0 n1=y7Z9/67Z4/127Z3/127Z0/2
(vac-

ancy)

C 2 2(b) 0 1/3 1/2 n1=y7Z9/67Z4/127Z3/127Z0/2
(vac-

ancy)

C 3 2(a) 0 1/3 0 n5=y7Z9/67Z4/127Z3/12+Z0/2
C 4 2(a) 0 2/3 0 n3=y7Z9/6+Z4/6+Z3/6
C 5 2(b) 0 0 1/2 n5=y7Z9/67Z4/127Z3/12+Z0/2
C 6 2(b) 0 2/3 1/2 n3=y7Z9/6+Z4/6+Z3/6
C 7 4(c) 0 1/6 1/4 n4=y+Z9/6+Z4/67Z3/6
C 8 4(c) 0 1/2 1/4 n2=y+Z9/67Z4/12+Z3/12
C 9 4(c) 0 5/6 1/4 n4=y+Z9/6+Z4/67Z3/6
M 1 4(c) 1/4 1/6 1/8

M 2 4(c) 1/4 1/2 1/8

M 3 4(c) 1/4 5/6 1/8

M 4 4(c) 1/4 0 3/8

M 5 4(c) 1/4 1/3 3/8

M 6 4(c) 1/4 2/3 3/8

a Parameters of the monoclinic unit cell:

am=
1

2
h1�1�2iB1, bm=

3

2
h110iB1, cm= h1�12iB1.

a b

C

M

Vacancy

Figure 12. The M1
1 (a) and M2

1 (b) sites occupied by metal atoms in ideal

completely ordered M6C5-type structures (space group C2/m, P31 and

C2).

Two-thirds of all metal atoms occupy the M1
1 sites and one-third of metal

atoms occupy the M1
2 sites.
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group C2/m) superstructure of V6C5 is identical to the trigonal
(space group P31) superstructure, which is reasonable taking into
account that the disorder ± order phase transition channel corre-
sponding to each superstructure includes the arms of the same
stars {k9}, {k4} and {k3}, and the parameters determining the
length of the arms k

� j �
4 and k

�l �
3 are equal for both superstructures.

If these superstructures are characterised by the equal long-range
order parameters Zs, there are no differences in the intensity of the
superstructure reflections determined by the same star {ks}.4, 117

Therefore, if the corresponding long-range order parameters are
equal, the diffraction spectra of these ideal superstructures of
V6C5 (space group C2/m and P31) have superstructure reflections
identical in both position and intensity.

However, the intensities of superstructure diffraction reflec-
tions in the spectra of real ordered phases of V6C5 (space
group C2/m and P31) will be different because the static atomic
displacements differ in direction and magnitude. Analysis of
diffraction spectra taking into account possible static atomic
displacements allows one to determine whether ordered V6C5-
type phases have monoclinic or trigonal symmetry.

The diffraction pattern of the monoclinic (space group C2)
superstructure of V6C5 is more complex than those of the above
two superstructures of V6C5 (space group C2/m and P31) (see
Fig. 13), because the diffraction spectrum of this ordered phase
has superstructure reflections associated with four stars {k9}, {k4},
{k3} and {k0}. Therefore, it is easier to distinguish the monoclinic
(space group C2) phase of V6C5 in studies of ordered V6C5 phases
by diffraction methods.

The relation between three superstructures of V6C5 is illus-
trated by Fig. 14.1, 4, 118 If only the non-metal sublattice is consid-
ered, complete planes containing only carbon atoms alternate
with partially imperfect planes containing carbon atoms and
vacancies along the [1�11]B1 direction in these superstructures. In
the imperfect planes, vacancies occupy one-third of carbon sites.
In the plane, the vacancies form regular hexagons. The mutual
arrangement of the imperfect planes giving rise to three different

M6C5-type structures is presented in Fig. 14. The successive
threefold shift of the atoms with respect to the vacancies located
in the equidistant imperfect planes along the {1/2 71/2 1}B1
direction gives rise to the monoclinic (space group C2/m) struc-
ture of V6C5 (see Fig. 14 a). The successive helical shift along the
{1/2 71/2 1}B1 , {1/2 71 1/2}B1 and {1 71/2 1/2}B1 vectors
gives rise to the trigonal (space group P31) structure of V6C5 (see
Fig. 14 b). Alternate shifts of the atoms and vacancies located in
the imperfect planes along the {1/2 71/2 1}B1 and
{1/2 71 1/2}B1 vectors (see Fig. 14 c) give rise to the monoclinic
(space group C2) superstructure.

All superstructures of V6C5 can be represented as a set of
V6C5& quasimolecules (see Fig. 14 d ) arranged in a certain order.
These superstructures differ only in the mutual arrangement of
partially imperfect planes. Since such superstructures are identical
in character of the short-range order, they have similar energies of
formation. This is responsible for mixing of the sequences of the
mutual arrangement of partially imperfect planes typical of each
structure. As a result, the regular alternation of the planes along
the c axis can be distorted, resulting in weakening of particular
superstructure reflections.

The cubic ordered phase V8C7 with the space group P4332 is
observed only in the vicinity of the upper boundary of the
homogeneity region of carbide VCy corresponding to VC0.875 .
The translation vectors of the unit cell of this ordered phase
(Fig. 15) are twice as large as those of the basic structure B1,
a1={2 0 0}B1, a2={0 2 0}B1 and a3={0 0 2}B1.

The cubic (space group P4332) superstructure of V8C7 is
formed through the transition channel including all arms belong-
ing to three stars {k9}, {k8} and {k4}.117 The corresponding
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Figure 13. Theoretical neutron diffraction spectra of the ideal super-

structures V6C5 (space group C2/m and P31) (a) and V6C5 (space

group C2/m) (b) constructed depending on the magnitude of the diffrac-

tion vector q=(2aB1sin y)/l.
The intensities of reflections were calculated for the neutron scattering

factors of vanadium and carbon atoms, fV=70.038610712 and

fC=0.665610712 cm. The number of unit segments along the vertical

lines representing the intensities of superstructure reflections is equal to

the repetition factor of the corresponding reflection. For comparison, the

intensities of the (111)B1 and (200)B1 structure reflections are 2.806 and

1.598 in units of the y axis, i.e., these intensities are 10 ± 20 times higher

than the intensities of the strongest superstructure reflections.

a

d

b c

[1�11]B1

[1�11]B1

[1�11]B1[1�11]B1

V

Vacancy

C

Figure 14. Models of related structures of the ordered carbide phases

V6C5 (M6C5);1, 117

(a) the monoclinic (space group C2/m) structure of V6C5 , (b) the trigonal

(space group P31) structure of V6C5 , (c) the monoclinic (space group C2)

structure of V6C5 , (d) the position of the V6C5& quasimolecule inB1-type

lattice.
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distribution function depends on three long-range order parame-
ters

n(xI ,yI ,zI)=y7
Z9
16

�
cos p(xI+yI+ zI)7cosp(xI7yI+ zI)7 (28)

7 cos p(xI+yI7zI)7cos p(7xI+yI+zI)
�
7

7
Z8
8

�
7cos p(2xI+ zI)+ sin p(2xI+ zI)7cos p(yI+2zI)+

+sin p(yI+2zI)7cos p(xI+2yI)+ sin p(xI+2yI)
�
7

7
Z4
8

�
cos p(xI+ yI)+ cos p(xI+ zI)+ cos p(yI+ zI)+

+sin p(xI7yI)7sin p(xI7zI)+ sin p(yI7zI)
�
.

For this function, yst=7/8. In the case of the above-consid-
ered ordering, the non-metal sublattice of disordered nonstoichio-
metric carbide VCy is divided into four non-equivalent sublattices.
The probability of occupancy of the sites in these sublattices by
carbon atoms [values of the distribution function (28)] are given in
Table 12. In the ideal ordered cubic (space group P4332) phase
V8C7, three-fourths of all metal atoms occupy the V1

1 positions,
and the other atoms occupy the V0

1 positions.
The structures of ordered phases of carbide VCy determined

byX-ray diffraction 49, 69 were refined 25, 26 taking into account the

data on disorder ± order transition channels. In the latter studies,
samples of nonstoichiometric carbide VCy containing different
amounts of carbon (y=0.66, 0.79, 0.83 and 0.87) were prepared
by hot pressing of a mixture of powders of vanadium metal and
carbide VC0.875 at *2200 K and a pressure of 35 MPa under an
atmosphere of argon of special purity. Graphite foil was placed
between the powder mixture and a graphite press-mould to avoid
cracking. The hot-pressing time was 30 min. All samples had a
porosity of <3%, were homogeneous and contained only one
VCy phase with the B1 structure.

To prepare ordered carbides VCy, compact samples synthes-
ised as described above were annealed in evacuated sealed quartz
tubes. Disordered carbide VC0.875 was prepared by water quench-
ing of a sample, which was pre-annealed at 1450 K and sealed in a
quartz tube. Free carbon in the VCy samples was absent. The
nitrogen content was no higher than 0.09 mass%, and the oxygen
content was 0.1 mass%± 0.3 mass%.

X-Ray diffraction studies (CuKa1,2 radiation) were carried
out in the angle range 2y=14± 1208 in a step-scan mode with a
step of 0.028. The exposure time per step was 10 s.Metallographic
studies were performed in reflected light using polished samples of
sintered and annealed carbides. Before study, the surface of
metallographic sections was subjected to etching.

X-Ray diffraction patterns of VC0.79 , VC0.83 and VC0.87

samples prepared by annealing nonstoichiometric vanadium
carbide had not only intense reflections but also additional
peaks, whose intensities were no higher than 5% of the intensities
of structure lines. The appearance of low-intensity additional
reflections is indicative of the formation of ordered phases in
thermally treated samples. In the X-ray pattern of carbide VC0.66

subjected to thermal treatment, no additional reflections were
observed.

Figure 16 shows fragments of X-ray diffraction patterns of
annealed samples of carbides VC0.79 , VC0.83 and VC0.87 .25, 26 The
intense lines observed in all X-ray diffraction patterns in the angle
ranges 2y=37.48 and 43.48 are the (111)B1 and (200)B1 structure
reflections. TheX-ray diffraction patterns of all annealed carbides
have diffuse peaks in the 2y angle ranges of 21.2 ± 22.08 and
*30.0 ± 31.08. These peaks are absent in the X-ray diffraction

[001]B1

[010]B1

a3

[100]B1

a1

a2

Vacancy

C

Figure 15. Position of the cubic (space group P4332) unit cell of the

superstructure V8C7 in the lattice with the B1 structure.

Table 12. Characteristics of the cubic [space group P4332 (O6)] super-
structure of M8C7 (V8C7).

Atom Position Atomic coordinates Distribution function

and mul- in ideal ordered n(xI , yI , zI)

tiplicity structure a

x/a1 y/a2 z/a3

C 1 4(b) 5/8 5/8 5/8 n1=y7Z9/873Z8/873Z4/8
(vac-

ancy)

C 2 4(a) 1/8 1/8 1/8 n2=y+Z9/8+3Z8/873Z4/8
C 3 12(d ) 1/8 5/8 5/8 n3=y+Z9/87Z8/8+Z4/8
C 4 12(d ) 1/8 3/8 7/8 n4=y7Z9/8+Z8/8+Z4/8
M 1 8(c) 3/8 3/8 3/8

M 2 24(e) 1/8 3/8 1/8

a Parameters of the cubic unit cell: a1= h200iB1, a2= h020iB1,
a3= h002iB1.
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Figure 16. Fragments of X-ray diffraction patterns of annealed non-

stoichiometric vanadium carbides VC0.87 (1), VC0.83 (2) and VC0.79

(3).25, 26 The positions of superstructure reflections for the ordered V6C5

and V8C7 phases are indicated by arrows; for all reflections, the Miller

indices corresponding to the space group of the ordered phase are given.
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patterns of disordered carbides. They are parasitic reflections
from radiation with the wavelength l/2 and correspond to the
(200)B1 and (220)B1 structure reflections. The appearance of these
peaks is associated with large accumulation of the signal during
measurements of X-ray diffraction patterns of annealed carbides.

In the X-ray diffraction pattern of annealed carbide VC0.87,
the first superstructure reflection with the following diffraction
vector

jqj=2aB1
sin y
l

& 0:710

is observed for the angle 2y=15.148 (see Fig. 16). This reflection
corresponds to the {1/2 1/2 0} superstructure vector with a length
jqj& 0.707 belonging to the star {k4} with the running index
m4=1/4. The next reflection with jqj& 0.871 is observed at
2y=18.558 and corresponds to the {1/2 1/2 1/2} vector of the
star {k9}. The intensity of the third reflection (2y=24.048)
corresponding to the {1 1/2 0} vector of the star {k8} is the highest
of all superstructure peaks. The next three superstructure reflec-
tions in theX-ray diffraction pattern of an annealedVC0.87 sample
(see Fig. 16) are observed at the angles 2y=26.34, 39.14 and
46.348 and correspond to the {1 1/2 1/2} vector of the star {k4},
the {3/2 1 0} vector of the star {k8} and the {3/2 3/2 0} vector of
the star {k4}. The X-ray diffraction spectrum of annealed carbide
VC0.87 has 19 superstructure reflections corresponding to three
stars {k9}, {k8} and {k4} in the 2y angle range from 148 to 1108.

Analysis of the positions and intensities of the observed
superstructure reflections demonstrated that thermal treatment
of carbide VC0.87 afforded the cubic ordered phase V8C7 (space
group P4332). The disorder ± order phase transition channel
VC0.87 ? V8C7 includes all arms of the Lifshitz stars {k9} and
{k8} and the non-Lifshitz star {k4} (at m4=1/4). The Landau
group-theoretical criterion for the occurrence of the second-order
phase transition is not fulfilled, because the transition channel
involves arms of the non-Lifshitz star {k4}, the sum
(k
�1�
4 + k

�5�
4 + k

�9�
4 ) being equal to the (111) structure vector of

the reciprocal lattice. Even from symmetry considerations, it is
evident that the formation of the ordered V8C7 phase can occur
only as the first-order phase transition. This is consistent with the
conclusions drawn in the studies.4, 117

Metallographic analysis of annealed carbide VC0.87 confirmed
the presence of an ordered phase belonging to the cubic system. As
a result of ordering, each grain of the basic disordered phase is
divided into domains of an ordered phase of isometric shape
(Fig. 17). In reflected polarised white light, the ordered domains
give no interference, which indicates that the ordered V8C7 phase
is isotropic. Microstructural studies demonstrated also that the
disorder ± order phase transition in carbide VC0.87 starts at the
grain boundaries of the disordered phase. In disordered carbide,
grains of the basic phase have distinct straight boundaries (see
Fig. 17 a). After annealing, these boundaries become broken due
to ordering (see Fig. 17 b). The domains intergrow with grains of
the basic phase from the boundaries to the centres of the grains
and penetrate into crystallites with time. Due to small domain
sizes and the same cubic symmetry of the disordered and ordered
phases, the domain boundaries cannot be observed by optical
microscopy.

Analysis of the X-ray diffraction pattern of annealed carbide
VC0.83 (see Fig. 16) demonstrated that the sample contained two
ordered phases. The X-ray pattern has superstructure reflections
of the ordered phase V8C7 along with lines of the phase V6C5 with
trigonal (space group P31) or monoclinic (space group C2/m)
symmetry. In the X-ray pattern of annealed carbide VC0.83 , the
ordered V6C5 phase is characterised by the {1/2 1/2 1/2} super-
structure reflection (2y=18.548), which belongs to the star {k9}
and whose position is identical to that of the analogous reflection
for the cubic ordered phase V8C7 , and the {2/3 2/3 0}
(2y=20.118), {1/6 75/6 71/2} (2y=21.148), {71/3 71/3 1}
(2y=23.748) and {7/6 1/6 1/2} (2y=27.348) reflections belong-
ing to the stars {k4} (with m4=1/3) and {k3} (with m3=1/6).

Therefore, the disorder ± order phase transition channel associ-
ated with the formation of the superstructure of V6C5 involves the
arms of the Lifshitz star {k9} and the non-Lifshitz stars {k4} and
{k3}. From symmetry considerations, the formation of the
ordered phase V6C5 should occur as the first-order phase tran-
sition.

A set of the observed superstructure wave vectors giving rise to
the transition channel VC0.83 ?V6C5 can correspond to either
trigonal (space group P31) or monoclinic (space group C2/m)
superstructures of the V6C5 type.

Investigation of themicrostructure of annealed carbide VC0.83

in reflected polarised white light demonstrated that the sample
contained domains of two ordered phases. One phase is composed
predominantly of isometric grains and gives no interference, i.e., it
is isotropic. Hence, this phase is apparently the cubic ordered
phase V8C7 and comprises 15%± 20% of the sample. The second
phase comprises 80%± 85%of the sample. Domains of the second
phase are of platelet-like and prismatic shape characteristic of
crystals belonging to the monoclinic and trigonal systems and
show an interference colour, i.e., they are anisotropic. In reflected
polarisedwhite light, the domains of the second phase are blue and
yellow in colour. These facts suggest that the second phase is
carbide V6C5 . Therefore, the results of microstructural studies are
consistent with the conclusions drawn from X-ray diffraction
data.

The X-ray diffraction pattern of annealed carbide VC0.79 has
superstructure reflections of only the ordered V6C5-type structure
(see Fig. 16). Its microstructure contains domains of only an
anisotropic ordered phase. Consequently, prolonged annealing
of vanadium carbide VC0.79 afforded the only ordered V6C5

phase.
The X-ray diffraction pattern of annealed carbide VC0.66 have

reflections of only the basic cubic phase with the B1 structure and

20 mm

20 mm

a

b

Figure 17. Changes in the microstructure of compact nonstoichiometric

vanadium carbide VC0.87 upon ordering;

(a) in disordered carbide VC0.87, grains have distinct linear boundaries, (b)

in ordered carbide V8C7 (VC0.87), the grain boundaries of the basic phase

are corroded due to formation of domains of the ordered phase V8C7.
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shows no additional reflections, although reflections of the
rhombohedral (trigonal) phase z-V4C37x would be expected to
appear. Carbides z-M4C37x (x4 0.33) have an imperfect carbon
sublattice and are formally (without consideration for the crystal
structure) identical in composition to M3C2 (MC0.67). Carbide
z-V4C37x is not an ordered phase of cubic carbide VCy because it
has the trigonal rather that the FCC metal sublattice.119 Accord-
ing to the results of the study,52 the rhombohedral phase z-V4C37x

contains 37.9 at.% carbon, has a very narrow homogeneity region
(VC0.605 ±VC0.615 ), is generated by a peritectoid reaction at
2150 K and is observed up to 1540 K. The absence of the
z-V4C37x phase in annealed carbide VC0.66 (see Refs 25 and 69)
is, apparently, associated with the fact that annealing was carried
out starting from a lower temperature (1200 K). It should be
noted that the composition of carbide VC0.66 corresponds to the
lower boundary of the homogeneity regionof the z-V4C37xphase.

Additional analysis of the X-ray diffraction spectral patterns
of ordered carbide V8C7 (Fig. 18) led authors of the publication 49

to the conclusion that this superstructure is characterised by large
static atomic displacements. The vanadium atoms, which form an
octahedral environment of the structural non-metal vacancy, are
shifted toward the vacancy by 0.003 ± 0.006 nm. The carbon
atoms are also shifted toward the vacancies, but these shifts are
substantially larger (as large as 0.05 nm). In disordered carbide
VC0.87 with the period aB1=0.4172 nm, the V7V and V7C
interatomic distances are 0.295 and 0.209 nm, respectively,
whereas these distances in the vacant&V6 octahedron in ordered
carbide V8C7 are smaller (0.282 ± 0.293 and 0.180 ± 0.209 nm),
which is indicative of contraction of the octahedron. In the filled
CV6 octahedron of ordered carbide V8C7 , the V7V and V7C
distances are 0.29570.311 and 0.20970.258 nm, respectively.
Such large shifts of the metal atoms can give rise to additional
reflections, which are absent in theX-ray diffraction pattern of the
ideal (without consideration for atomic displacements) ordered
V8C7-type cubic (space group P4332) phase.

IV. Nanocrystalline carbide V8C7 and molecular
clusters VmCn

In the last 15 ± 20 years, methods for the preparation of nano-
structured substances and materials were extensively developed,
and the influence of the particle (grain) size on the properties of
nanocrystalline compounds was actively studied.120 ± 126 For
example, vanadium carbide VC0.875 was prepared in the nano-

crystalline state by atom-vacancy ordering as a result of the
disorder ± order transformation VC0.875 ?V8C7.127 ± 131

1. Nanocrystalline vanadium carbide
A coarse-grained powder (with a particle size of 1 ± 2 mm) of
vanadium carbide VC0.875 was subjected to long-term ageing at an
environmental temperature in a closed vessel (to avoid penetra-
tion of water vapour from air). An aged vanadium carbide powder
appeared to be very hygroscopic. Immediately after withdrawal
from the vessel, the powder contained nomore than 0.2 mass%of
physically adsorbed water. After storage under environmental
conditions for several months, the water content reached
2.0 mass% and then remained unchanged. Generally, coarse-
grained vanadium carbide powders do not possess such a high
hygroscopicity.

Chemical analysis of an aged vanadium carbide powder
demonstrated that it has the composition VC0.875 corresponding
to the upper boundary of the homogeneity region of the cubic
phase with the B1 structure.

A vanadium carbide powder was studied by the microscopic
method. Discrete irregularly shaped agglomerates with sizes of
5 ± 50 mm are observable under *100 magnification. These
agglomerates consist of particles with sizes of *1 mm. Under
higher magnification, it is seen that these particles have a complex
structure and are composed of a large number of very small,
nanometre-size, particles (hereinafter, these particles will be
referred to as nanoparticles or nanocrystallites). Figure 19 shows
a photomicrograph taken with a high-resolution DSM 982
Gemini scanning electron microscope. Each particle with a size
of *1 mm looks like an opened rosebud or a loose head of
cabbage and consists of nanocrystallites. Under 50 000 magnifi-
cation it can be seen that the observed nanocrystallites appear as
curved leaves, which, as a first approximation, can be modelled by
disks with a diameter of *400 ± 600 nm and a thickness of
*15 ± 20 nm. The volume of these disks corresponds to that of a
rather large spherical particle with a diameter of 150 ± 220 nm.
However, due to the small thickness of the disk, the ratio of its
surface area to the volume is 0.107 ± 0.143 nm71, which corre-
sponds to the specific surface area of the powder of
19 ± 26 m2 g71 .

The crystal structure of vanadium carbide was studied by
X-ray diffraction using CuKa1,2 radiation. The X-ray diffraction
patterns of disordered carbide VC0.875 , annealed coarse-grained
ordered carbide VC0.875 (V8C7) and nanostructured carbide
VC0.875 are shown in Fig. 20. The X-ray pattern of the VC0.875

nanopowder (see Fig. 20 c) has structure reflections of the basic
B1 phase along with superstructure reflections corresponding to
the cubic ordered phase V8C7 with the space group P4332. The
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Figure 18. Experimental (dotted line) and calculated (solid line) X-ray

diffraction patterns (Cu Ka1,2 radiation) of the ordered phase V8C7.49

The intensity differences between the experimental and calculated X-ray

diffraction patterns are shown at the bottom of the figure.

2 mm

Figure 19. Microstructure of a powder of vanadium carbide VC0.875

subjected to long-term ageing at environmental temperature and under

an environmental atmosphere (10 000 magnification).127, 131
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lattice parameter of the ordered phase is 0.8337� 0.0001 nm. The
ideal cubic M8C7-type superstructure with the space group P4332
(see Fig. 15) has the doubled (compared to the disordered basicB1
phase) lattice parameter.17, 117 Hence, the lattice parameter of the
basic phase of the vanadium carbide under consideration is
aB1=0.41685 nm. This parameter is substantially (by
0.00047 nm) larger than the lattice parameter of disordered
carbide VC0.875 . The authors speculated 17, 25, 26, 55 that this large
difference in the lattice parameter of ordered and disordered
carbides VC0.875 can be observed only in the case of the highest
or near-highest degree of ordering.

The intensity ratio of the structure and superstructure reflec-
tions supports the conclusion that the degree of long-range order
in vanadium carbide is close to the maximum value. Besides, this
ratio indicates that the ordered phase occupies the whole volume
of the substance, i.e., the latter is a single-phase powder.

The intensities of superstructure reflections of coarse-grained
ordered carbide VC0.875 (Isuper) decrease with increasing diffrac-
tion angle 2y (see Fig. 20 b), whereas the intensities of super-
structure reflections of a vanadium carbide nanopowder at
2y>1008 even increase (see Fig. 20 c). This is probably attribut-
able to large relaxation static displacements of vanadium atoms in
the vicinity of carbon vacancies. These displacements were
actually observed in ordered carbide V8C7.49

Defects in a nanostructured vanadium carbide powder were
studied 127, 130 by positron lifetime measurements using a powder
of carbide VC0.875 , which was precalcinated at 400 K to remove
adsorbed water. For comparison, the positron lifetime in coarse-
grained sintered vanadium carbide with the same composition

VC0.875 was measured. The spectrum of coarse-grained vanadium
carbide has only a short-lifetime component at 157� 2 ps, which
corresponds to positron annihilation at a structural vacancy of the
carbon sublattice.132 ± 134 Quantitative analysis of the spectrum of
the nanostructured powder demonstrated that this spectrum has a
short-lifetime component alongwith a long-lifetime component at
500 ps with a relative intensity of 7% associated with positron
annihilation at defects on the particle surface. The thickness of the
surface layer in a vanadium carbide nanopowder was esti-
mated 127 ± 131 at 0.5 ± 0.7 nm by comparing the relative intensities
of the short- and long-lifetime components. Therefore, the results
of positron lifetime measurements demonstrated that only non-
metal structural vacancies are present in the interior of vanadium
carbide nanocrystallites, whereas their surface layer contains
vacancy agglomerates as defects.

The microhardness of a nanostructured powder of VC0.875 ,
which was cold pressed at 10 MPa and then sintered under
vacuum (161073 Pa) with a rise in temperature from 400 to
2000 K, was measured under a load of 200 and 500 g. The
microhardness was HV=60 ± 80 GPa, which is *3 times larger
than that of macrocrystalline vanadium carbide (29 GPa under a
load of 0.1 and 0.2 kg) and approaches to the microhardness of
diamond. The substantially higher microhardness of carbide
VC0.875 , which was prepared by sintering a nanopowder, can be
explained taking into account the Hall ± Petch law, according to
whichHV is proportional to d71/2 (d is the grain size).

Based on the results of investigations of the structure and
properties of vanadium carbide powders, the following model of
the nanocrystallite structure was proposed.127, 129 ± 131 Nanocrys-
tallites have a shape of strongly curved disks with a diameter of
400 ± 600 nm and a thickness of 15 ± 20 nm. Their interior consists
of ordered carbide V8C7 with a high degree of long-range order
and contains a negligible amount of dissolved oxygen. The surface
layer of nanocrystallites contains chemisorbed oxygen in an
amount of 3.1 mass% and a substantial amount of vacancy
agglomerates, which is indicative of its loose structure. The thick-
ness of the surface phase is no larger than 0.7 nm or four atomic
monolayers.

The observed morphology of the nanocrystalline vanadium
carbide powder may be a consequence of grain cracking at the
interface between disordered and ordered phases. Actually, a
jump increase in the FCC-sublattice parameter by 0.0004 nm (as
a result of the disorder ± order phase transition VC0.875 ?V8C7;
the domain size of the ordered phase is*20 nm) was observed at
1413� 20 K by high-temperature X-ray diffraction.48 At 300 K,
the parameter aB1 of the basic crystal lattice of quenched disor-
dered carbide VC0.875 differs from that of ordered carbide with the
same carbon content, but this difference (published data) is
0.0002 nm. The difference in the volumes of the disordered and
ordered phases is responsible for strains followed by cracking.

Strains can occur also due to themismatch between the atomic
structures of antiphase domains in ordered vanadium carbide. In
any case, the formation of a nanostructure of a powder of
nonstoichiometric vanadium carbide VC0.875 is caused by the
disorder ± order phase transition VC0.875 ?V8C7 .

2. Metallocarbohedrene V8C12

In 1992, the V8C12 molecular cluster was detected in the V±C
system bymass-spectrometric study of the products of the plasma-
chemical gas-phase synthesis from hydrocarbons and vanadium
vapour, which was prepared by laser heating of the metal. This
cluster along with Ti8C12 and analogous compounds belong to
metallocarbohedrenes (metallocarbons, metcars) M8C12.35, 36 In
the synthesis, helium was used as an inert gas.

The molecular cluster of stoichiometric composition V8C12

presumably has a pentagondodecahedral shape (Fig. 21 a). In the
ideal molecule, all atoms are located on the sphere, and its surface
is formed by linking the adjacent atoms and consists of 12 regular
pentagons. In this molecule, all vanadium and carbon atoms have
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Figure 20. Powder X-ray diffraction patterns of disordered carbide

VC0.875 (aB1=0.41638 nm) (a), ordered coarse-grained carbide VC0.875

(V8C7) (aB1=0.41682 nm) (b) and nanostructured carbide VC0.875

(aB1=0.41685 nm) (c) (Cu Ka1,2 radiation).127, 130, 131

Superstructure reflections observed in the X-ray diffraction patterns of b

and c correspond to the cubic (space group P4332) ordered phase V8C7 .

High intensities of superstructure reflections for a VC0.875 nanopowder

and an anomalous increase in their intensity in the region 2y>1008 can be

a consequence of large static displacements of vanadium atoms.
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identical (as in fullerene C60) coordination (the coordination
number is three), occupy identical positions and are distributed
between the vertices of the dodecahedron so that the vanadium
atoms are bound only to the carbon atoms and six C2 fragments
alternate with eight vanadium atoms. The dodecahedral structure
of V8C12 can be represented as a cube formed by vanadium atoms,
the C2 fragment being bound to each face of the cube. The point
symmetry group Th of this ideal structure includes 24 symmetry
elements (rotations and reflections).

The electronic structure of V8C12 with symmetry Th was
calculated 135 with the use of the following bond lengths:

Bond C7C V7C V7V

Length /nm 0.144 0.189 0.285

The electronic energy spectrum of V8C12 was demonstrated to be
similar to the spectrum of Ti8C12 , but it is slightly shifted to
negative energies due to a larger electronegativity of vanadium
compared to titanium. The populations of the atomic orbitals
corresponding to M±C interactions involving vanadium are
*9% lower than those involving titanium because the atomic
orbitals of vanadium are more localised. The V8C12 molecular
cluster is chemically less stable than Ti8C12 .

In another structure of the V8C12 cluster with the point
symmetry group Td (see Fig. 21 b), the vanadium atoms occupy
two types of positions, and the sites belonging to positions of each
type form a tetrahedron. The smaller tetrahedron is rotated with
respect to the larger tetrahedron by 908. The vanadium atoms
differ in the arrangement relative to the C2 dimers. Six C2

fragments are parallel to the edges of the larger tetrahedron
formed by the V(1) atoms and perpendicular to the edge of the
smaller tetrahedron formed by the V(2) atoms. TheV(1) atoms are
bound to three nearest carbon atoms, and the V(2) atoms are
bound to six carbon atoms.

The question as to which of these two structures (with
symmetry Th or Td) actually exists remains open, because molec-
ular crystals of metallocarbons are unavailable.

Initially, the plasma-chemical gas-phase synthesis of titanium,
zirconium, hafnium and vanadium molecular clusters have
afforded predominantly the M8C12 and MmCn cluster particles
with a ratio of C :M& 1.5 ± 2.0.35, 36, 136 Nanoparticles of carbides
TiC, ZrC, HfC and VC with a metal FCC sublattice were absent.
At the same time, only monocarbide nanoparticles can be pre-
pared by the conventional plasma-chemical synthesis (without
laser heating of the plasma). More recently, particles with cubic
(M14C13) and dodecahedral (M8C12) structures were simultane-
ously prepared by the plasma-chemical gas-phase synthesis in the
V ±C and Ti ±C systems.137 The synthesis with the use of low-
power laser heating afforded a larger amount of `cubic' M14C13

nanoparticles compared to M8C12 . An increase in the power of
laser radiation and an increase in the hydrocarbon concentration
lead to the predominant formation of dodecahedral particles with

the metal-to-carbon ratio varying from 1 : 1.5 to 1 : 2, which was
demonstrated in the study of the Nb±C and Zr ±C systems.138, 139

Therefore, a decrease in the carbon concentration in the plasma
due to a decrease in the hydrocarbon concentration or a decrease
in the power of laser radiation results in a relative carbon
deficiency and the predominant formation of monocarbide nano-
particles, whereas an increase in the carbon concentration in the
plasma makes it possible to synthesise the MmCn clusters varying
fromM8C12 to M11C21 and M13C22 .138, 139

Such facts, as the synthesis of the V8C12 molecular cluster in
the V ±C system and the formation of cubic V14C13 nanoparticles
in the plasma,137 provide indirect evidence that it is possible to
synthesise stoichiometric monocarbide VC1.0 with the B1 struc-
ture.

V. Phase diagram for the V ±C system with
consideration for ordering of VCy

Ordering of nonstoichiometric cubic vanadium carbide VCy has
been studied for many years. However, until recently, a reliable
phase diagram of the V ±C system, which takes into account the
formation of ordered phases, has been lacking in the literature.
The first attempt to construct a fragment of the phase diagram,
where the ordered phases V6C5 and V8C7 co-exist, has been made
in the publication.43 Later on, an attempt was made 48 to take into
account phase equilibria in VCy in the narrow composition range
0.844 y4 0.93 at 1273<T<1473 K. The main problem asso-
ciated with the construction of the phase diagram of the V±C
system is that VC0.875 rather than the MC1.0 compound of
stoichiometric composition serves as the upper boundary of the
homogeneity region of disordered cubic vanadium carbide VCy ,
as opposed to other transition metal carbides. The unusual
position of the upper boundary of the homogeneity region of
carbide VCy is responsible for the edge effect, which is manifested
in the formation of the ordered phase V8C7 , which is absent in
other carbides.

As mentioned above, disordered vanadium carbide VCy

(VCy&17y) has a rather extended homogeneity region, within
which the carbon atoms and structural vacancies form a substitu-
tional solution in the non-metal sublattice. Depending on the
composition and the conditions of the synthesis and thermal
treatment, carbide VCy can exist in the disordered or ordered
state. The disordered state is in thermodynamic equilibrium at
temperatures higher than 1300 ± 1400 K, whereas the ordered
state is in thermodynamic equilibrium at T<1300 K. However,
due to low diffusion mobility of atoms, the disordered state of
nonstoichiometric vanadium carbide is easily retained upon
quenching from T>1400 K to lower temperatures (*300 K)
and exists as a metastable state at T<1000 K.

In the studies,27, 32 the phase equilibria in the ordering region
of nonstoichiometric cubic carbide VCy were calculated by the
order parameter functional method.1 ± 4, 16, 53, 140 ± 142

In the first version of calculations, it was assumed that the
ordered phase V8C7 has no homogeneity region. Actually, single-
phase samples with the cubic superstructure V8C7 are formed only
in the case of carbide VC0.87 ± 0.875 , whereas at lower carbon
concentrations (0.83< y<0.87), the phase V6C5 , which has an
extended homogeneity region,2 is always present in samples
containing the ordered phase V8C7.5, 47, 68, 69, 143 In the stud-
ies,62, 144, 145 the temperature of the V8C7 > VCy transition was
demonstrated to be virtually independent (within experimental
error) of the composition of carbide VCy (Fig. 22). To take into
account the specific features of the ordered phase V8C7 (VC0.875),
where no homogeneity region was observed, its free energy was
represented as follows

FV8C7 �VC0:875��T �=F(T )7TSc+
DHtr

Ttr

(T7Ttr), (29)

where

a b

V(M)

C

Figure 21. Dodecahedral structure of the molecular cluster V8C12

(M8C12) with symmetry Th (a) and Td (b).
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F(T )=F0(T )+ xF1(T )+x2F2(T )

at x=0.875 [F0(T ), F1(T ) and F2(T ) are the parameters of the
free energy of disordered carbide VCy, see Eqn (8)];
Sc=3.132 1073 kJ mol71 K71 is the configurational entropy
of carbide VC0.875 ; DHtr=3 kJ mol71 and Ttr=1380 K are the
heat and temperature of the V8C7? VC0.875 transition estimated
from experimental data.25, 62, 69, 143

The phase boundary between the homogeneity region of
disordered carbide VCy and the two-phase region (VCy+V8C7)
was determined using 27 the equation

FV8C7 �VC0:875��T �=F(y,0,T )7(y7yb)
qF�y; 0;T �

qy
, (30)

where

F(y,0,T )7(y7yb)
qF�y; 0;T �

qy
=F0(T )+ ybF1(T )+ (31)

+ y(2yb7y)F2(T )+ kT

�
ln�1ÿ y� � yb ln

y

1ÿ y

�
,

yb=0.875.
The position of the phase boundary between the homogeneity

region of the ordered phase V2tC2t71 (V6C5) and the two-phase
region (V2tC2t71+V8C7) was specified analogously

FV8C7 �VC0:875��T �=F(y,Z,T )7(y7yb)
qF�y; Z;T �

qy
, (32)

where

F(y, Z,T )7(y7yb)
qF�y; Z;T �

qy
=F0(T )+ ybF1(T )+ (33)

+ y(2yb7y)F2(T )+
a�s�

4t 2
Z2eqF2�T �+

� kT

2t

�
ln
h
n
yb
1 �1ÿ n1��1ÿyb�

i
��2tÿ 1� ln

h
n
yb
2 �1ÿ n2��1ÿyb�

i�
.

The parameters n1 , n2 , Zeq , t and a(s) (see below) refer to the phase
V2tC2t71 (V6C5).

In calculations of the phase equilibria involving lower disor-
dered hexagonal carbide b-V2C (V2Cy 0), its homogeneity region
was not taken into account, and the composition of the lower
carbide was interpreted as V2C (VC0.50). Calculations were carried
out according to the equation

0.5FV2C�T � � F0�T � � 0:5F1�T � � y�1ÿ y�F2�T �� (34)

� a�s�

4t2
Z2eqF2�T � �

kT

4t

�
ln
h
n1�1ÿ n1�

i
�

��2tÿ 1� ln
h
n2�1ÿ n2�

i�
Z� etaeq

,

where FV2C�T � is the free energy of lower hexagonal vanadium
carbide b-V2C described by Eqn (9).

Equations (33) and (34) include the parameters n1 , n2 , Zeq , t
and a(s) . The numerical coefficients t and a(s), which characterise
the possible M2tC2t71-type superstructures of cubic carbides
MCy , are given in Table 13. The parameters n1 and n2 are the
probabilities of finding a carbon atom in a site of the vacancy and
carbon sublattices of the ordered phase M2tC2t71 (see Refs 3
and 4):

n1 � yÿ Z�2tÿ 1�
2t

, (35)

n2 � y
Z
2t

.

The equilibrium long-range order parameter Zeq in the ordered
phase M2tC2t71 at the temperature T satisfies the equation 3, 4

1

Zeq
ln

�
n2�1ÿ n1�
n1�1ÿ n2�

�
Z� Zeq

� 2a�s�

2tÿ 1

F2�T �
kT

. (36)

The phase diagram of the V ±C system published in the
papers 27, 32 is shown in Fig. 23. Calculations demonstrated 27

that ordering of nonstoichiometric cubic carbide VCy in different
temperature and concentration ranges can give rise to three
ordered phases, viz., V3C2 , V6C5 and V8C7 .

The phase V6C5 is the main ordered vanadium carbide phase.
This phase appears at a temperature lower than 1485 K, and its
homogeneity region extends from VC0.745 to VC0.831 at 1100 K.
This phase can also be observed in two-phase regions, i.e., it exists
almost throughout the homogeneity region of carbide VCy (see
Fig. 23). The ordered phaseV8C7 is formed at a lower temperature
(1380 K). At 1330 K, it can be observed along with V6C5 in the
two-phase region extended from VC0.83 to VC0.875 , which is
consistent with experimental data.47, 144, 146 The V6C5+V8C7

two-phase region, where the ordered phase V8C7 exists, becomes
narrower with decreasing temperature. The ordered phases V6C5

and V8C7 form an eutectic with Te=1331 K and ye=0.852.
These parameters are close to the estimate obtained in the study:48

Te& 1300 K and ye& 0.852. The calculations also demonstrated
that the ordered phase V3C2, which has a narrow homogeneity
region (from VC0.667 to VC0.710 at 800 K), can be generated in
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Figure 22. Dependence of the temperature of the phase transitions

V6C5>VCy (empty balls) and V8C7 > VCy (solid balls) on the compo-

sition of vanadium carbide VCy ;

(1 ± 5) the results of the studies,25, 62, 48, 144, 145 respectively.

Table 13. Structural characteristics of possible ordered phases M2tC2t71

of strongly nonstoichiometric compoundsMCywith theB1 basic structure
(NaCl).3, 4

Type of the Space group t a(s) 2a(s)/(2t71)

ordered phase

M2C R3m, Fd 3m 1 0.2 0.4

M2C I41/amd 1 0.2 0.4

M2C P4/mmm 1 0.067 (1/15) 0.133 (2/15)

M3C2 Immm, P2 1.5 0.4 0.4

M3C2 C2221 1.5 0.4 0.4

M3C2 P�3m1 1.5 70.2 70.2

M4C3 Pm�3m 2 0.2 0.133 (2/15)

M4C3 I4/mmm 2 0.467 (7/15) 0.311 (14/45)

M6C5 C2/m, P31 , C2 3 1.0 0.4

M8C7 Fm3m, P4332 4 1.0 0.286 (2/7)
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vanadium carbide at 1155 K (lower temperatures) under equili-
brium conditions according to the peritectoid reaction

V2Cy+V6C5 V3C2 .

This phase has not been experimentally observed. According to
the results of calculations,27 the region of existence of the ordered
phase V3C2 is close to the concentration range, in which the
rhombohedral (trigonal) phase z-V4C37x is actually observed, but
its existence was not taken into account in calculations of ordering
of carbide VCy , because the thermodynamic characteristics of this

phase are unknown. If the free energy of the z-phase at
T<1150 K is lower than that of the ordered phase V3C2 , the
phase V3C2 cannot exist. Taking into consideration this fact, the
region of existence of the ordered phase V3C2 is shown hypotheti-
cally.

The position of the phase z-V4C37x is given based on the
results of the study.52 The lowest temperature, at which it was
detected after long-term annealing, is 1540 K. This temperature is
close to the calculated maximum temperature of the disorder ±
order VCy ±V6C5 transition (1485 K) and is taken as the lower
temperature boundary of existence of the phase z-V4C37x .

In the homogeneity region of lower carbide V2Cy 0 (b-V2C), the
ordered orthorhombic phase a-V2C (br-V2C) is formed.108 ± 113

The precise temperature of ordering is unknown. According to the
results of the studies,41, 147 this temperature is lower than 1870 K.
Magnetic susceptibility measurements of ordered carbide a-V2C
(br-V2C) in the temperature range of 300 ± 1300 K did not reveal
the structural phase transition

a-V2C (br-V2C) V2Cy 0 (b-V2C)

up to 1300 K.148 Taking into account this fact and the results of
the investigation,147 the temperature of the order ± disorder phase
transition in the phase diagram of the V ±C system was assumed
to be equal to*1600 K (see Fig. 23). The new V8C12 compound,
which was discovered in 1992,35 was omitted in the phase diagram
of the V ±C system published in the papers, 27, 32 because it is
outside the range of the compositions under consideration.

All disorder ± order transitions in vanadium carbide VCy

belong to first-order phase transitions (see Fig. 23). The same
conclusion was drawn in the publications, 25, 69 where the changes
in the heat capacities of carbides VC0.79 , VC0.83 and VC0.87 upon
heating and cooling were considered.

The calculated 27 values of Ttr , DStr and DHtr for phase
transitions associated with ordering of nonstoichiometric carbide
VCy are listed in Table 14, which gives also experimental Ttr and
DHtr for comparison.25, 69 For carbide VC0.79 , the calculated
temperature Ttr and heat DHtr of the V6C5?VC0.79 transition
are 1450 K and 2.84 kJ mol71, respectively; the experimental
DHtr value is somewhat lower, because a small amount of the

500

1000

1500

2000

2500

3000

T /K
10 20 30 40 50 [C] (at.%)

0 0.2 0.4 0.6 0.8 1.0 y

2940K

2150K

1380K

1360K

1331K

1485K

640K

1155K

2438K

1925K

*1600K

L

V

L+VCy VCy

VCy+Cz-V4C37x

V2Cy+VCy

L+V2Cy
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V2C5

V3C2

V+a-V2C

a-V2C

V3C2+V6C5

V2Cy+V3C2

Figure 23. Phase diagram of the V ±C equilibrium system, which was

constructed taking into account the atomic ordering of nonstoichiometric

cubic vanadium carbide VCy .27, 32

The phase boundaries outside the ordering region are those published in

the studies;41, 147 the position of the phase z-V4C37x is given according to

the publication:52 V8C7 , V6C5 and V3C2 are the ordered phases of cubic

carbide VCy , a-V2C is the ordered phase of lower hexagonal carbideV2Cy 0

(b-V2C).

Table 14. Temperatures (Ttr /K), entropies (DStr /J mol71 K71) and heats (DHtr /kJ mol71) of order ± order and order ± disorder phase transitions in
nonstoichiometric vanadium carbide VCy .

y V3C2 ±V6C5 V6C5 ±VCy V8C7 ±VCy

(calculation 25, 27)

Ttr DStr (calcula- DHtr Ttr DStr (calcula- DHtr

Ttr DStr DHtr tion 25, 27) tion 25, 27)

calcula- experi- calcula- experi- calcula- experi- calcula- experi-

tion 25, 27 ment 25, 69 tion 25, 27 ment 25, 69 tion 25, 27 ment 25, 69 tion 25, 27 ment 25, 69

0.73 1138 1.38 1.57 7 7 7 7 7 7 7 7 7 7
0.74 993 1.17 1.16 7 7 7 7 7 7 7 7 7 7
0.75 728 0.82 0.60 7 7 7 7 7 7 7 7 7 7
0.76 7 7 7 7 7 7 7 7 7 7 7 7 7
0.77 7 7 7 1481 7 1.75 2.59 7 7 7 7 7 7
0.78 7 7 7 1466 7 1.85 2.72 7 7 7 7 7 7
0.79 7 7 7 1450 1430� 5 1.96 2.84 2.16� 0.1 7 7 7 7 7
0.80 7 7 7 1433 7 2.05 2.94 7 7 7 7 7 7
0.81 7 7 7 1413 7 2.13 3.01 7 7 7 7 7 7
0.82 7 7 7 1391 7 2.19 3.04 7 7 7 7 7 7
0.83 7 7 7 1366 1442� 5 2.21 3.02 1.26� 0.1 a 7 1334� 5 7 7 0.70� 0.1 a

0.84 7 7 7 1338 7 2.20 2.95 7 7 7 7 7 7
0.85 7 7 7 1307 7 2.15 2.81 7 7 7 7 7
0.86 7 7 7 1272 7 2.06 2.62 7 7 7 7 7 7
0.87 7 7 7 7 7 7 7 7 7 1355� 5 7 7 2.30� 0.1

0.875 7 7 7 7 7 7 7 7 1380 7 2.17 3.00 7

a In the study,69 the total thermal effect DHtr=2.11 kJ mol71, which includes the thermal effects of two transformations, VC0.83?V6C5

(DHtr& 1.37 kJ mol71) and VC0.83?V8C7 (DHtr& 0.75 kJ mol71), is given for the transformation occurring in carbide VC0.83 on cooling.
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phase z-V4C37x is present (which was demonstrated by calori-
metric measurements 69) in carbide VC0.79 .

Additional model calculations were carried out 27 to refine the
phase diagram of the V ±C system in the event that the phase V8C7

has a small homogeneity region. In these calculations, the free
energy of the ordered phase V8C7 is represented as follows:

FV8C7 �VC0:875��T �=F(T )7TSc+ (37)

� DHtr�y�
Ttr�y�

[T7Tmax
tr �a� by� cy2��,

where F(T ) and Sc are the same parameters as those in Eqn (29);

DHtr�y�
Ttr�y�

:DStr=2.174 J mol71 K71;

Tmax
tr =1380 K is the maximum temperature of the V8C7?VCy

transition corresponding to VC0.875; a=40.7455, b=793.367
and c = 54.793.

If the phase V8C7 has a homogeneity region, the boundaries of
the VCy+V8C7 two-phase region were calculated according to
the following equations:27

y21F2�T � ÿ kT ln�1ÿ y1� � (38)

� y22F2�T � ÿ kT ln�1ÿ y2� ÿ DStr

�
Tÿ �aÿ cy22�Tmax

tr

�
,

y1�2ÿ y1�F2�T � � kT ln y1 �

� y2�2ÿ y2�F2�T � � kT ln y2�

�DStr

�
Tÿ �a� b� 2cy2 ÿ cy22�Tmax

tr

�
.

In the event that the phase V8C7 has a homogeneity region, the
phase boundaries of the V6C5+V8C7 two-phase region were
determined analogously

y21F2�T � ÿ
a�s�

4t2
Z2eqF2�T �ÿ (39)

ÿ kT

2t

�
ln�1ÿ n

�d �
1 � � �2tÿ 1� ln�1ÿ n

�d �
2 �
�
Z� Zeq

�

� y22F2�T � ÿ kT ln�1ÿ y2� ÿ DStr

�
Tÿ �aÿ cy22�Tmax

tr

�
,

y1�2ÿ y1�F2�T � ÿ
a�s�

4t2
Z2eqF2�T ��

ÿ kT

2t

�
ln n

�d �
1 � �2tÿ 1� ln n�d �2 �

�
Z� Zeq

�

� y2�2ÿ y2�F2�T � ÿ kT ln y2�
�DStr

�
Tÿ �a� b� 2cy2 ÿ cy22�Tmax

tr

�
.

In Eqns (39), the parameters n1 , n2 , t, Zeq and a(s) refer to the
ordered phase V6C5 .

The fragment of the phase diagram of the V±C system
calculated without considering the homogeneity region of the
phase V8C7 is shown in Fig. 24, and the corresponding fragment,
which was calculated taking into account this region, is presented
in Fig. 25. Calculations 27 demonstrated that the homogeneity
region of the phase V8C7 is very narrow (the maximum size is
observed at 1340 K and corresponds to the compoisition range
from VC0.852 to VC0.875 ). A decrease in the temperature from
1340 K leads to a further narrowing of the homogeneity region of
the phase V8C7 . At 1340 K, the phases V6C5 and V8C7 form an
eutectic with ye& 0.8476. The V6C5+V8C7 two-phase region
existing at T<1340 K is almost half as wide as that observed in
the first case. Otherwise the phase diagram of the V±C system
remains unchanged. It is necessary to perform thorough exper-

imental investigations of the structure of vanadium carbide in the
narrow composition range, VC0.85 ±VC0.875 , to give an unambig-
uous answer to the question as to whether the phase V8C7 has a
homogeneity region.

On the whole, the calculations 25 ± 27, 32 well reproduced the
formation of the monoclinic (or trigonal) phase V6C5 with the
VC0.75 ±VC0.83 homogeneity region (or 1100 K), the cubic phase
V8C7 , which can co-exist with V6C5 in the two-phase region, and
the ordered phase V3C2 , which appears at T<1150 K and
exhibits a very narrow homogeneity region, upon ordering of
VCy . The temperatures of the V6C5>VCy and V8C7>VC0.875

transitions are 1400 ± 1450 and 1360 ± 1380 K, respectively.

VI. Conclusion

Analysis of the results of investigations performed in the last 15
years demonstrated that a large number of compounds and phases
are produced in the vanadium± carbon system. Their detection
became possible due to the use of unconventional synthetic
methods, studies of the phase equilibria in a low-temperature
region and the use of highly sensitive diffraction and spectroscopic
methods for analysing products of annealing and chemical reac-
tions.
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Figure 24. Fragment of the ordering region near the upper boundary of

the homogeneity region of carbide VCy (see Fig. 23).

Calculated on the assumption of the absence of the homogeneity region of

the phase V8C7 .
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Figure 25. Fragment of the ordering region of carbide VCy (see Fig. 23).

Calculated on the assumption of the presence of a narrow homogeneity

region of the phase V8C7.
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The phase V6C5 , which can have monoclinic (space group
C2/m and C2) and trigonal (space group P31) symmetry, and the
cubic (space group P4332) phase V8C7 are the most well-known
ordered phases of vanadium carbide. The phase V6C5 exists in the
VC0.75 ± 0.77 ±C0.82 ± 0.86 range. The phase V8C7 was observed in
vanadium carbide samples, whose compositions are close to the
upper boundary of the homogeneity region of VCy and was
detected even in samples quenched from 1500 K.

Molecular clusters with compositions varying from V14C13,
which, presumably, has a cubic structure, to V8C12 with a
dodecahedral structure and then to V11C21 and V13C22 were
produced by the plasma-chemical synthesis using laser heating.
Apparently, these compounds can be stabilised in the crystalline
state in thin films by deposition of the molecular clusters onto
supports.149 A chemical modification of the support or thermal
treatment of the deposited film provides additional possibilities of
forming a particular structure of clusters.

X-Ray, neutron and electron diffraction techniques are the
main experimental methods for the detection and investigation of
new compounds and phases in the V ±C system. The presence of
model diffraction spectra for the phases under consideration in the
V ±C system substantially facilitates their identification and
interpretation of experimental results.

Noteworthy is the applied aspect of investigations of non-
stoichiometric carbides. Carbides of stoichiometric composition
are generally used in the production of solid alloys with the aim of
providing stability of their properties. However, interactions with
matrix metal lead to complex chemical processes resulting in
dissolution of matrix metal in carbide, depletion of the carbide
phase in carbon and enrichment of matrix metal in metal from the
carbide phase and (to a smaller degree) in carbon. Carbide grains
in solid alloys have a ring structure with a non-uniform distribu-
tion of elements over the grain section. It is evident, even from this
fact, that carbide phases in solid alloys are generally nonstoichio-
metric, and ordering and disordering processes can occur in these
phases. Evidently, to provide stability of the properties of solid
alloys during usage, i.e., at temperatures from 600 to 900 8C, it is
necessary that the solid nonstoichiometric carbide phase be in a
thermodynamically stable structural state and do not undergo
transformations under these conditions. That is why ordering of
nonstoichiometric carbides is of applied interest.

Investigations of high-alloy vanadium-containing steels per-
formed in the last decades demonstrated that the resulting
vanadium carbide phases are ordered V6C5 phases and, more
rarely, V8C7 phases. An understanding of the conditions of
formation and isolation of these phases requires a knowledge of
the disorder ± order transformations in nonstoichiometric car-
bides.

Finally, recent investigations showed that ordering of non-
stoichiometric vanadium carbide can be used to formnanocrystal-
line structures. Apparently, disorder ± order transformations can
be used to construct other nanostructured nonstoichiometric
compounds and solid solutions.

On the whole, investigations of ordering of vanadium carbides
and properties of these compounds in different structural states
contribute to fundamental knowledge of nonstoichiometry and
provides the basis for their practical use.

I thank Professor A I Gusev, who encouragedme to write this
review. This review has been written with the financial support of
the Russian Foundation for Basic Research (Project No. 03-03-
32031).
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