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I. Introduction

Transition (3d ± 5d) metal carbides and nitrides exhibit

various combinations of interesting physicochemical prop-

erties (high strength and hardness, radiation stability,

chemical inertness, extremal thermomechanical parameters)

and unusual electrophysical, catalytic and magnetic charac-

teristics.1 ± 9 This is due to peculiar features of the electronic

structure and a complex system of interatomic bonds in

these compounds 10 ± 12 and predetermines a wide use of

such systems in the design and production of various

multifunctional materials.1 ± 12

In addition to the binary carbides and nitrides of

d-metals, there is a large number of multicomponent com-

pounds and solid solutions based on them, e.g., carboni-

trides, oxycarbides, oxycarbonitrides, hydridocarbides,

hydridonitrides and various composites and ceramic mate-

rials. Recently, studies on the design of novel nanomaterials

(in the form of nanopowders, nanostructured films, alloys,

ceramics, composites, etc.) based on carbides and nitrides of

d-metals as well as on the synthesis, investigations and

simulation of the properties of carbides and nitrides in the

form of molecular clusters, nanocrystallites, nanospheres,

nanofilaments, nanowires, nanotunes, etc., have been car-

ried out.12 ± 31

Among the d-metal carbides and nitrides mentioned

above, considerable attention of researchers is attracted to

the phases that are formed in the W7C and W7N systems,

to their solid solutions and to related ternary tungsten-

containing phases.

On the one hand, this is due to attractive physicochem-

ical properties of these systems. For instance, tungsten

monocarbide (WC) is characterized by a small thermal

expansion coefficient and high hardness, which are retained

in a wide temperature interval.32, 33 At present, WC is

widely used for production of wear-resistant tool alloys

and various coatings.33 Studies on fabrication of WC nano-

powders, nanofilaments, nanotubes and nanocomposites

are carried out.34 ± 42 Tungsten mononitride possesses a

high hardness and good electrical conductivity 7, 8 and is

considered as a promising material for manufacturing of

ohmic contacts for microelectronics.

On the other side, increased recent interest in tungsten

carbides and nitrides is due to the following reasons. It has

been assumed for long that the light (4d: Ru, Rh and Pd)

and heavy (5d: Os, Ir and Pt) metals of the platinum group

are intert towards carbon (nitrogen) and do not form

double nitride (carbide) phases. Starting with the year

2004, a series of novel crystalline nitrides and carbides of

platinum group metals was synthesized using modern high-

pressure and high-temperature methods, film technologies

etc.43 ± 46 A distinctive feature of the new phases (e.g.,

dinitrides PtN2 , IrN2 , OsN2 and PdN2) is a record-high

(for d-metal nitrides) content of nitrogen. In addition, the

mechanical properties [e.g., high compression moduli (B)

and low compressibilities] of some dinitrides of platinum

group metals appear to be quite interesting and promising

for technological applications. For instance, the experimen-

tally determined B modulus of IrN2 [B& 428 GPa (Ref. 46)]
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is only 3% lower than that of diamond [B& 440 GPa

(Refs 47 and 48)].

High potential of the systems comprised of heavy 4d-

and 5d-metals (many of them have high compression

moduli B) and light sp-nonmetals (B, C, N and O, which

can form strong covalent bonds) for the search for materials

with improved mechanical properties (high hardness, low

compressibility) can be explained using the following simple

model. The compression and shear (G) moduli are related to

the density of valence electrons (N ) 49

re �
N

Vm

,

where Vm is the molar volume, in such a manner:

B&rle ,

G& rke ,

where l& 1.25 and k& 1.47. The `design principles' of

superhard materials are as follows: the desired material

should be similar to an isotropic material, have the highest

possible density of valence electrons, covalent atom ± atom

bonds and be characterized by a minimum dislocation

mobility.50 Thus, one can expect manifestation of improved

mechanical properties in covalent compounds of heavy

d-metals (in particular, platinum group metals with high

electron density) with light sp-elements.

In this context, tungsten carbides and nitrides are

considered 51, 52 as `boundary phases' between the family of

novel carbides (nitrides) of platinum group metals (see

above) and `classical' carbides and nitrides of Group IV

and V d-metals.

The aforesaid predetermined the setting of studies on the

peculiar features of the electronic structure, nature of

chemical bonding and simulation of the properties of

tungsten carbides and nitrides and more complex systems

based on them using computational methods of quantum

chemistry and computer-assisted materials science. Note

that in the early stage of these investigations the emphasis

was placed on the investigations of the electronic properties

of two polymorphs of tungsten monocarbide, namely,

hexagonal and cubic WC (h-WC and c-WC, respectively).

The results obtained in these studies were summarized in

Refs 10 and 33.

Recently, intensive research in the field of synthesis,

materials science and simulation of novel tungsten-contain-

ing carbide and nitride phases has been continued.

For instance, the hardness and abrasion resistance of

W2C7(Co,Ni) alloys,53 the effect of W2C additives on the

operating properties of WC/M composites and coat-

ings,54 ± 57 the catalytic behaviour of W2C,58 ± 60 and atom-

vacancy ordering in tungsten subcarbide 61 were studied.

Attempts to prepare and study the properties of W2C

nanopowders were made.62 ± 64 Studies 65 ± 70 on the ternary

system W7Al7C led to the synthesis of solid solutions

(aluminocarbides W17xAlxCy) whose formation obeys an

unusual (for this group of compounds) type of substitution,

where atoms of the p-element (Al) occupy sites in the

d-metal (W) sublattice. The introduction of aluminium

into WC causes a significant decrease in the density of the

starting WC, but its strength properties remain

unchanged.65 The aluminocarbide solid solutions thus

obtained retain the hexagonal structure of the binary

carbide WC.

In addition to these and many other experimental data

on the novel materials based on tungsten carbides and

nitrides, there is a great body of information on their

electronic structure and properties which was obtained

using computer simulation methods.

In this review we summarize the results obtained since

the year 2000 in theoretical studies on the electronic

structure, the nature of chemical bonding and some phy-

sicochemical properties of tungsten carbides (W2C, WC)

and nitrides (W2N, WN, WN2 , WN3) as well as ternary

compounds and solid solutions including carbonitrides

(WC17xNx), aluminocarbides (WxAlyCz), ternary carbides

and nitrides with the perovskite structure (M3WC, W3MC

and W3MN, where M is a d-metal), Z-phases (M3W3C and

M6W6C) and some hypothetical compounds designed by

modern ab initio computational methods. Attention has

been paid to the potential of these methods in the analysis

and prediction of structural states, phase stability and the

elastic and magnetic properties of tungsten-containing sys-

tems.

II. Tungsten carbides

Two main phases known to date tn the W7C system

include tungsten subcarbide (W2C) and tungsten monocar-

bide (WC), each having a number of polymorphs. The phase

diagram of the W7C system and the state-of-the-art in

experimental studies on the physicochemical properties of

tungsten carbides have been reviewed.33

1. Tungsten subcarbides
At present, four W2C polymorphs (so-called a-, b-, g- and
e-subcarbides 33) differing in the type of distribution of

carbon atoms over octahedral interstices of the metal

sublattice (Fig. 1) are known. For instance, in the structure

of g-W2C, carbon atoms randomly (with 50% probability)

fill sites in the carbon sublattice. The structure of rombohe-

dral a-W2C comprises layers of carbon atoms and vacancies

alternating along the c axis. In the b-W2C and e-W2C

c c c c
a b c d

1, 2, 3.

Figure 1. Distribution types of carbon atoms and carbon vacancies in

the structures of W2C polymorphs.33

g (a), a (b), b (c), e (d); C atom (1), vacancy (2) and positions (3) of

carbon sublattice g-W2C randomly filled with carbon atoms (with a

50% probability).
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polymorphs, carbon atoms and vacancies are distributed

over all planes of the nonmetal sublattice in some ordered

manner.

Recently, the structural, electronic and some other

properties of the a-, b-, g- and e-subcarbides of the chemical

formula W2C were for the first time analyzed in the frame-

work of ab initio methods of energy band theory.71, 72

Fragments of the crystal lattices of the calculated W2C

polymorphs are shown in Fig. 2. The theoretical 71, 72 struc-

tural parameters (Table 1) agree with the experimental data.

Analysis of the calculated densities of all W2C polymorphs

(see Table 1) showed that rtheor(W2C) is 8% ± 9% higher

than that of the monocarbides WC and decreases in the

following order:

b-W2C> g-W2C> e-W2C> a-W2C.

A characteristic feature of the electronic spectra of all

W2C polymorphs is the presence of groups of low-energy

bands composed mainly of C2s states in the energy interval

from 715 to 712 eV below the Fermi level (EF=0 eV)

and groups of filled energy bands with the major contribu-

tions from the C2p and W5d states near the Fermi level

(Fig. 3). The Fermi level is in the region of the W5d-like

bands, which predetermines the metal-like properties of all

W2C polymorphs. The total and partial densities of states

(DoS) at the Fermi level N(EF) are listed in Table 2. As can

be seen, for all W2C polymorphs the maximum contribu-

tions to N(EF) come from the W5d states. The distribution

type of carbon atoms in the a-, b-, g- and e-subcarbide
structures significantly affects the N(EF) values which can

differ by up to 30%; the maximum N(EF) value was

determined for e-W2C. Table 2 also lists the theoretical

estimates of the low-temperature heat capacity coefficients

(g) and the Pauli paramagnetic susceptibility (w); both

parameters decrease in the order 72

e-W2C> g-W2C> b-W2C> a-W2C.

Table 1. Structural types, space groups, optimized lattice constants (a, b and c /nm) and theoretical densities (rtheor /g cm73) of polymorphs of lower
tungsten carbide W2C.71, 72

Polymorph of W2C Structural type Space group a b c rtheor

a anti-CdI2 P-3m1 0.3057 7 0.4697 16.585

(0.3001) (0.4728)

b PbO2 or Pbcn 0.4759 0.6097 0.5227 16.628

Mo2C (z-Fe2N) (0.4728) (0.6009) (0.5193)

g W2C P63/mmc 0.3033 0.5281 0.4741 16.612

(0.3002) (0.475) (17.34)

e e-Fe2N P-31m 0.5253 7 0.4772 16.586

(0.5190) (0.4724)

Note. Experimental values of the lattice constants 33 and rtheor (Ref. 7) are given in parentheses.

a b

C

W

c d

Figure 2. Fragments of the crystal structures of the polymorphs of the

lower tungsten carbide W2C.71

a (a), b (b), g (c), e (d ).
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Figure 3. Energy band structures of the polymorphs of lower tungsten

carbide W2C.72

a (a), b (b), g (c), e (d ).
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Analysis of the densities of electronic states of the

subcarbide polymorphs showed 71 that the common p ± d

hybrid band (in the region from 79 eV to EF) can be

divided into two regions, viz., the lower region (from 79

to 74.5 eV) with predominant contributions of the C2p

states participating in the formation of p ± d covalent bonds

W7C and the upper region (from 74.5 eV to EF) with the

contributions from the W5d states responsible for the

W7W bonds in the metal sublattice of W2C.

When describing phase equilibria in the W7C system

and the properties of phases formed in this system, it is of

crucial importance to determine the relative stabilities of

tungsten carbide polymorphs and, in particular, to explore

interrelations between possible distribution types of carbon

atoms in the nonmetal sublattice of tungsten subcarbide and

the relative stabilities of its polymorphs. Such estimates

were made 72 using the calculated energies of formation

(Eform) of phases in the formal reactions

2W+Cg W2C.

The energies of formation were determined from the rela-

tion

Eform(W2C)=Etot(W2C)7[2Etot(W)+Etot(Cg)],

where Etot(W2C), Etot(W) and Etot(Cg) are the total energies

of tungsten subcarbides, metallic tungsten and graphite,

respectively, obtained from ab initio calculations. In this

approach, negative Eform values indicate that the formation

of tungsten carbides is energetically favourable compared to

a mechanical mixture of the starting reactants (W+Cg).

Vice versa, at Eform>0 the corresponding carbides should

be treated as unstable systems. The results obtained suggest

that the stable phases include e-W2C (Eform=70.044 eV

per formula unit) and b-W2C (Eform=70.017 eV per for-

mula unit), whereas g-W2C and a-W2C are characterized by

positive values of Eform and should therefore be considered

metastable.

An experimental study 33 showed that the ordered and

disordered W2C polymorphs often coexist with one another

and with metallic tungsten and a higher carbide WC. In

addition, W2C is characterized by a rather wide homoge-

neity region from 25 at.% to 33 at.% of carbon.33 Thus, the

results obtained in the simulations 71, 72 of `perfect' tungsten

subcarbides represent only a first step towards the descrip-

tion of the microscopic properties of such systems.

2. Tungsten monocarbides
There are two polymorphs of tungsten monocarbide

WC,1 ± 7 a low-temperature hexagonal (h-WC; it forms a

specific structural type) and a metastable, high-temperature

cubic one (B1-type c-WC) (Fig. 4). In the stable phase

h-WC (space group P-6m2), the carbon and tungsten

atoms form simple hexagonal sublattices, which alternate

as follows: ...ABAB... . Carbon atoms occupy the centres of

trigonal prismatic interstices in the metal sublattice. Tung-

sten atoms occupy the positions 1a with the coordinates

(0; 0; 0) while carbon atoms occupy the positions 1d with

the coordinates (1/3; 2/3; 1/2). The high-temperature phase

of c-WC has a simple cubic structure (space group Fm-3m)

in which carbon atoms occupy octahedral interstices in the

fcc sublattice of tungsten. The atomic positions in the lattice

are as folows: W (0; 0; 0) and C (1/2; 1/2; 1/2).

Both WC polymorphs have been studied in detail by

ab initio methods.72 ± 86 Initially,73 ± 83 investigations were

focussed on the peculiar features of the electronic spectra

of h-WC and c-WC. It was established that the electronic

spectra of both polymorphs are by and large similar

(Fig. 5). The filled energy bands form two main groups

separated by the forbidden gap. The lowest (quasi-core)

energy band is mainly composed of C2s states, the next

energy band has a mixed character, being composed of C2p

and W5d states. The Fermi level crosses the W5d bands. On

going from h-WC to c-WC the C2p ±W5d valence band is

see a

Table 2. The total and partial densities of states at the Fermi level [N(EF),
N l(EF)], low-temperature heat capacity coefficients (g /mJ K72 mol71)
and the Pauli paramagnetic susceptibility (w /1074 emu mol71) for
polymorphs of lower tungsten carbide W2C.71, 72

Polymorph Density of states at the Fermi level, g w
of W2C state per eV per atom

N C2p NW5d N(EF)

a 0.030 0.378 0.693 3.26 0.45

b 0.038 0.386 0.736 3.47 0.48

g 0.041 0.423 0.826 3.89 0.53

e 0.018(1) 0.463 0.892 4.21 0.58

0.019(2)

0.019(3)

a For three types of nonequivalent carbon atoms in the structure of

e-W2C.

a b

W, C.

Figure 4. Fragments of the crystal structures of hexagonal (a) and

cubic (b) polymorphs of tungsten monocarbide.
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Figure 5. Energy band structures of hexagonal (a) and cubic (b)

polymorphs of tungsten monocarbide.85
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broadened and the total width of the C2s ±EF valence band

increases.

The structure of the electronic spectra of WC poly-

morphs becomes clearer when analyzing the distributions

of the total and partial densities of states (Fig. 6). As can be

seen, for h-WC the low-lying energy band A corresponds to

the C2s band and is in the energy interval from 714.5 to

710.3 eV below EF . The next group of energy bands (B

band) is composed of mixed C2p and W5d states. The filled

energy band C near the Fermi level (from 72.5 eV to

EF eV) is mainly composed of W5d states. The Fermi level

of h-WC crosses the W5d-like bands and is near the DoS

minimum between the bonding (C) and antibonding (D)

states, which suggests that this polymorph is stable.

In the cubic tungsten monocarbide, the low-lying energy

band A is also composed of C2s states and separated from

the next energy band B (here, the major contributions come

from the C2p and W5d states) by a forbidden gap of 1.7 eV

(see Fig. 6).

Interatomic interactions in h-WC and c-WC are of

mixed type including ionic, covalent and metallic compo-

nents. The W7W metal7metal bond is formed involving

delocalized W5d states with energies near the Fermi level.

The ionic component is due to partial transfer of the charge

density between tungsten and carbon atoms because the

electronegativities of the elements are different

(ENW=2.36 and ENC=2.55). Finally, the covalent bond

W7C is due to the overlap of the C2p and W5d states. The

charge density maps (Fig. 7) suggest directed covalent

bonds W7C in these phases. As can be seen, h-WC (not

c-WC!) is characterized by a higher concentration of the

electron density along the W7C bonds, which indicates

strengthening of the covalent bonds in the hexagonal phase.

The conclusions about the relative stabilities of the

h-WC and c-WC phases, which follow from the analysis of

the energy band structure, were confirmed by the results of

calculations of their cohesive energies (Ecoh) 85, 87 deter-

mined as the differences between the total energy of carbide

(Etot) and the sum of the total energies of isolated atoms

(Eat):

Ecoh=Etot(WC)7[Eat(W)+Eat(C)].
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Figure 6. The total and partial densities of states in hexagonal (a) and cubic (b) polymorphs of WC.85
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Figure 7. The charge density distribution for the valence states of

hexagonal WC in the (110) plane (a) and of cubic WC in the (100)

plane (b).85

Contours are drawn with an increment of 0.05 e �A73.
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The calculated cohesive energies are Ecoh(h-WC)=

721.38 eV and Ecoh(c-WC)=720.48 eV per formula

unit. Yet another method for evaluating the relative stabil-

ities of WC polymorphs is based on calculations of the

energies of their formation (Eform). These energies were

estimated 72, 83 using the formal reaction

W+Cg h-WC, c-WC

as

Eform(h-WC, c-WC)=Etot(h-WC, c-WC)7[Etot(W)+Etot(Cg)],

where Etot(h-WC, c-WC), Etot(W) and Etot(Cg) are respec-

tively the total band energies of tungsten monocarbides,

metallic tungsten and graphite. The results obtained 85 are

as follows: Eform(h-WC)=70.34 and Eform(c-WC)=

+0.56 eV per formula unit, which again suggests stability

of the hexagonal phase and a metastable character of the

cubic WC.

In addition to the electronic properties, the mechanical

properties of WC were studied,72 ± 102 which to a great extent

determine the fields of application of this carbide and

materials based on it. Modern ab initio theoretical studies

involve numerical calculations of the elastic constants (Cij)

of crystals, which are determined by expanding the total

energy of the crystal E(V,a) into a Taylor series over a small

deformation parameter a.88, 89 The five independent con-

stants for h-WC and three for c-WC are listed in Table 3.

The Cij values can be used to evaluate the mechanical

stability of crystals. The stability conditions 88 are as

follows:

for hexagonal crystals,

C11>0, (C117C12)>0, C44>0, (C11+C12)C3372(C12)2>0;

and for cubic crystals,

(C117C12)>0, (C11+2C12)>0, C44>0.

From the data in Table 3 it follows that these conditions

hold for h-WC and c-WC.

The elastic behaviour of materials is often described

using the uniform compression, shear and Young (Y )

moduli and the Poisson ratio (n). For single crystals, these

parameters can be determined using the constants Cij in the

framework of, e.g., Voigt (V) (Ref. 94) or Reuss (R)

approximations.95

The B and G moduli of h-WC and c-WC are listed in

Table 4. The uniform compression and shear moduli of

c-WC are lower than those of h-WC. For the compressibil-

ities of these phases one has

b(h-WC)< b(c-WC).

In turn, for each polymorph one has B>G, i.e., the

mechanical stability of a polymorph is limited by the shear

modulus.

A key parameter for characterization of the mechanical

behaviour of materials is the brittleness. Often, the B/G

ratio is used as a semiempirical criterion for the brittle ±

plastic transition.97 According to this model, a substance is

brittle if B/G<1.75. For h-WC, one has B/G& 1.3,85 i.e.,

this is a brittle material. For c-WC, one has B/G& 1.9

(Ref. 85); the plasticity of c-WC is higher than that of

h-WC.

The elastic parameters of varous ceramics (polycrystal-

line systems comprising aggregated mixtures of randomly

oriented microcrystallites) are evaluated by averaging the

values obtained according to Voigt and Reuss. This is

achieved using the Voigt ±Reuss ±Hill (VRH) approxima-

tion 96 leading to the averaged compression modulus

BVRH=
1

2
(BV+BR)

and shear modulus

GVRH=
1

2
(GV+GR).

Knowing BVRH and GVRH, the Young modulus and the

Poisson ratio for polycrystals can be determined with ease:

Table 3. Elastic constants (GPa) for hexagonal and cubic polymorphs of
WC.

C11 C12 C13 C33 C44 Ref.

h-WC phase

772.8 209.9 157.8 960.6 302.2 85

711.8 a 250.7 a 263.6 a 959.5 a 323.8 a 92

720.0 254.0 267.0 972.0 328.0 93

c-WC phase

706.5 191.4 7 7 151.6 83

a Experimental data.

Table 4. The uniform compression moduli and shear moduli of the
hexagonal and cubic polymorphs of WC: results of calcula-
tions 78, 79, 85, 98, 99 and experimental data.92, 100 ± 102

B /GPa G /GPa Ref. B /GPa G /GPa Ref.

h-WC phase

384.2 297.5 85 383 304 100

391 98 480 101

375 99 413 78

431 92 329 102

c-WC phase

363.1 194.0 85 390 79

375 75

Table 5. Theoretical values of some elastic parameters of polycrystalline
ceramics h-WC and c-WC calculated in the Voigt ±Reuss ±Hill approxi-
mation: compression moduli (BVRH /GPa), shear moduli (GVRH /GPa),
compressibilities (b /GPa71), Young moduli (YVRH /GPa) and Poisson
ratios (n).

BVRH GVRH b YVRH n Ref.

h-WC polymorph

382.4 294.6 0.002615 703.2 0.194 85

(427) (0.002342) 92

703 103

(668.4 ± 713.8) (0.24) 104

0.185 101

c-WC polymorph

363.1 187.7 0.002754 480.4 0.279 85

Note. Experimental data are given in parentheses.
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YVRH �
9BVRHGVRH

3BVRH � GVRH

,

n � 3BVRH ÿ 2GVRH

2 �3BVRH � GVRH�
,

The results of calculations of these parameters are listed

in Table 5. It is known that the Poisson coefficients of

covalently bound materials are rather small (n& 0.1).105

For the WC polymorphs, the n values lie in the interval from

0.194 (h-WC) to 0.296 (c-WC),85 i.e., the hexagonal mono-

carbide WC should be characterized by the largest contri-

bution of the covalent bond to the interatomic interaction.

III. Tungsten nitrides

In the W7N system, there are three main phases, namely,

tungsten subnitride (W2N), tungsten mononitride (WN) and

tungsten dinitride (WN2). Tungsten mononitride belongs to

the best studied phases; there are a low-temperature hexa-

gonal phase with the WC-type structure (h-WN) and a high-

temperature cubic B1-type phase (c-WN).1, 3, 7 Lower tung-

sten nitrides WNx<1 are studied much poorer. In partic-

ular, the formation of the W2N phase at 0<N :W<1 was

established. This subnitride has a simple cubic (B1-type)

lattice, where tungsten atoms occupy the positions 4a

(0; 0; 0) while nitrogen atoms randomly fill 50% of the 4b

positons (1/2; 1/2; 1/2). The properties of W2N were

studied.106 ± 118 Experimental data on higher tungsten

nitrides (WNx>1) are limited to the early studies 119, 120 on

the synthesis and structural characterization of dinitride

W3N6 .

1. Tungsten subnitride
Recently, the first study of peculiar features of the elec-

tronic properties of W2N using a 12-atom W8N4 unit cell in

the B1-type structure with 50% vacant sites in the N-sub-

lattice was reported.121 The value of the lattice constant

a(W2N)=0.4199 nm is in reasonable agreement with the

experimental data (0.4128 nm) 5 and smaller than that of the

B1-type cubic mononitride: a(c-WN)=0.4362 nm. There-

fore, the appearance of vacancies in the N-sublattice of the

cubic phase of WN is accompanied by compression of the

crystal lattice. Note that a similar effect is also characteristic

of some other cubic transition metal carbides and nitrides in

the corresponding homogeneity regions.1 ± 9 In addition,

calculations 121 predict a high density of W2N:

rtheor(W2N)> rtheor(h-WN)> rtheor(c-WN).

The key features of the energy band structure of W2N

(compared to mononitride WN) are due to narrowing of the

N2s- and N2p-like energy bands (Fig. 8, bands A and B)

and to the appearance of an additional peak of the density

of the W5d states in the spectrum of W2N (band C 0), which
corresponds to the formation of additional bonds between

tungsten atoms near vacancies in the nitrogen sublattice in

the subnitride. The Fermi level in W2N crosses the W5d

band, i.e., the subnitride has a metal-like type of conductiv-

ity. Evaluation 121 of the cohesive energy (Ecoh , eV per

atom) of W2N from the equation

Ecoh(W2N)=Etot(W2N)7[2Eat(W)+Eat(N)],

gave the following values:

Nitride W2N h-WN c-WN

7Ecoh 710.94 710.38 79.98

Qualitatively, the increase in the stability of cubic W2N

(compared to tungsten mononitrides) can be explained 121

by a decrease in Ntot(EF), i.e., by a decrease in the number

of antibonding states and by the formation of new `addi-

tional' W7W bonds.

2. Tungsten mononitrides
As mentioned above, tungsten mononitrides h-WN and

c-WN are the best studied (including quantum chemical

methods) phases in the W7N binary system.84, 85, 122 ± 126

The lattice constants of h-WN and c-WN are listed in

Table 6. The calculated densities of tungsten mononitrides

are higher than those of tungsten monocarbides and lie in

the range *15.83 ± 15.87 g cm73 (Ref. 85), being close to

the experimental value rexp= 15.94 g cm73 (Ref. 122). The

rtheor values increase in the following order of the WC and

WN polymorphs:

c-WC<h-WC<c-WN<h-WN.

The total and partial densities of states of h-WN and

c-WN (Fig. 9) give the idea of the corresponding energy

spectra. For h-WN, the energy band A corresponds to the

N2s band while the next energy band B is composed of

hybridized N2p and W5d states. Then, the C and D bands

with major contributions from W5d states are arranged in

decreasing order of bond energy. In the cubic mononitride

c-WN, the overall DoS distribution is similar to that found

for h-WN; however, there is a single W5d band (C) near the

Fermi level. On going from the hexagonal to cubic WN

polymorph the density of states at the Fermi level increases

from 1.191 to 1.478 state per eV per unit cell.85
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Figure 8. Total densities of states for hexagonal (a) and cubic (b)

tungsten mononitride and for cubic W2N (c).121
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Peculiarities of interatomic interactions in h-WN and

c-WN are illustrated in Fig. 10. Both phases are character-

ized by the directed covalent bonds W7N involving the

Table 6. Lattice constants (a, b and c /nm), uniform compression moduli
(B /GPa) and shear moduli (G /GPa) of tungsten mononitride poly-
morphs: results of calculations 84, 85, 123 ± 126 and experimental data.1

Structu- Lattice constants B G Ref.
ral type

a b c

Mononitride h-WN

WC 0.2865 7 0.2912 365.3 163.1 85

0.2893 7 0.2826 7 7 1

0.2829 7 0.2860 419 181.0 126

NiAs 0.2817 7 0.5693 416 281.0 126

TaN 0.5054 7 0.2873 7 7 126

CoSn 0.5078 7 0.2851 7 7 126

CrN 0.2804 0.4116 0.3381 7 7 126

Mononitride c-WN

NaCl 0.4362 7 7 348.8 10.9 85

0.436 7 7 394 7 123

0.435 7 7 354 84

0.4154 7 7 7 7 124

0.420 7 7 7 7 125

ZnS 0.4596 7 7 7 7 126

CsCl 0.2674 7 7 7 7 126
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Figure 9. The total and partial densities of states for hexagonal (a) and cubic (b) WN.85
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Figure 10. The charge density distribution for the valence states of

hexagonal (a) and cubic (b, c) tungsten mononitride in the (110) (a, c),

(100) (b) crystallographic planes.85

Contours are drawn with an increment of 0.05 e �A73.
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N2p and W5d hybridized states and the metal7metal bonds

W7W. There are almost no N7N bonds. Compared to

h-WN, the covalent (W7N) and metal7metal (W7W)

bonds in c-WN are to some extent weakened.

The cohesive energy calculations for h-WN and c-WN

using the expression

Ecoh=Etot(WN)7[Eat(W)+Eat(N)]

led to Ecoh(h-WN)=720.76 eV and Ecoh(c-WN)=

719.96 eV per formula unit. Thus, the cubic phase is less

stable than the hexagonal one (as in the case of tungsten

monocarbides) and the stabilities of tungsten monocarbides

and mononitrides change as follows:85

h-WC>h-WN>c-WC>c-WN.

Studies 85 of the mechanical behaviour of the h-WN and

c-WN phases showed that the compression and shear

moduli of h-WN are higher than those of c-WN (see

Table 6).

Summing up, mention may be made of a comparative

analysis 126 of some properties of eight WN polymorphs

including h-WN and c-WN (see above) as well as hypo-

thetical cubic (with the sphalerite and CsCl structural

types), hexagonal (NiAs-, CoSn- and TaN-types) and

orthorhombic (CrN-type) phases (see Table 6). The highest

stability was predicted 126 for hexagonal WN (NiAs-type)

characterized by the maximum calculated moduli B and G

(see Table 6) and the lowest compressibility (Fig. 11). No

experimental proof for these predictions is available at the

moment.

3. Tungsten di- and trinitrides
Recently, in connection with the discovery of interesting

properties (e.g., mechanical properties such as high elastic

moduli and low compressibility) in the carbides and nitrides

of platinum group metals (see a review 43), tungsten di- and

trinitrides (WN2 and WN3) have been a subject of theoret-

ical studies 51, 52, 127, 128 including simulation of their elec-

tronic properties as well as structural and mechanical

parameters. Six hypothetical WN2 phases with the

P63/mmc and P-6m2 hexagonal structures,52 as well as

phases with a monoclinic IrP2-type structure 128 and with

the pyrite and fluorite,127 baddeleyite (ZrO2) and cottunite

(PbCl2) 51 structures were studied.

The equilibrium lattice constants and the electronic

spectra were calculated; particular attention was paid to

evaluation of the elastic constants Cij and the compression

and shear moduli. Analysis of the data listed in Table 7

shows that the maximum moduli B are predicted for the

first two layered polymorphs with the hexagonal structure

(Fig. 12). The Vickers microhardness test according to Ref.

129 gives for these polymorphs HV* 36.7 GPa, which is

higher than the corresponding values for such well-known

hard materials as a-quartz (30.6 GPa) or b-Si3N4

(30.3 GPa). High hardness of these dinitrides is attributed 52

to the interactions between adjacent molecular layers

... (NWN)/(NWN)... due to strong covalent bonds N7N.

According to calculations,52 these phases are semiconduc-

tors [unlike the metal-like WN2 polymorphs with the pyrite,

fluorite,127 and IrP2 structures (Ref. 128)]; it is assumed that

they can be synthesized at high pressures.

Hypothetical trinitride WN3 (with TcP3-type ortho-

rhombic lattice) is a metal-like compound with chains of

directed covalent bonds ...7W7N7N7N7... between
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Figure 11. Pressure dependences of the crystallographic parameters of

hypothetical hexagonal polymorph of WN (NiAs structural type)

(inset: structural fragment) and diamond.126

Lattice constants c/c0 (1), a/a0 (2, 3) and unit cell volumes V/V0 (4, 5)

for WN (1, 3, 5) and diamond (2, 4).

Table 7. The compression moduli and shear moduli of some hypothetical
phases of tungsten dinitride.52, 127, 128

Space group B /GPa G /GPa

P63/mmc 364 (411) a 228 (252)

P-6m2 364 (412) 231 (255)

Fm3m 335 81

P3m1 325 112

P21/c 332 173

a In the generalized gradient approximation (GGA) of local electron

density (LDA).52

a b

W

N

N

Figure 12. Fragments of hexagonal polymorphs of tungsten dinitride

for which extremal strength properties were predicted.52

The neighbouring layers (NWN)/(NWN) interact through the forma-

tion of strong covalent bonds N7N. Space group: P63/mmc (a) and

P-6m2 (b).
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tungsten atoms and N2 pseudodimers (Fig. 13).128 The

elastic moduli of WN3 (B=303 GPa and

G=156 GPa) 128 are lower than those of WN or WN2 (see

Tables 6 and 7).

IV. Ternary systems based on tungsten carbides
and nitrides

In this Section we will consider the results of quantum

chemical studies of the electronic structure, parameters of

atom ± atom interactions and some properties of ternary

tungsten-containing systems, viz., solid solutions including

carbonitrides (WC17xNx), borocarbides (WC17xBx) and

boronitrides (WN17xBx), aluminocarbides (W17xAlxC),

ternary phases including the so-called Z-carbides (M3W3C

and M6W6C, where M is a d-metal) and tungsten carbides

and nitrides with the perovskite structure (M3WC, W3MC

and W3MN).

1. Tungsten carbonitrides
Unlike well-studied mutual solid solutions of cubic (B1-

type) carbides and nitrides of 3d ± 5d-metals,1 ± 12 informa-

tion on hexagonal tungsten carbonitrides (WC17xNx) and

oxycarbides (WC17xOx) is scarce. In particular, tungsten

carbonitrides with variable nitrogen content (from 1% to

20%) were synthesized,130 as well as WC17xNx films were

fabricated and some of their properties as coatings (diffu-

sion barriers on metal ceramics) were studied.131 More

complex tungsten-containing carbonitride materials of the

(MxWy)C17zNz type (M is a Group IV and V d-metal)

proposed as cermets were also fabricated.132, 133

The electronic structures of hexagonal tungsten carboni-

trides were studied 134 using 16-atom periodic supercells

W8C87mNm (m=1, 2 and 4) for simulation of a series of

tungsten carbonitrides with the formal stoichiometry

WC17xNx (x=0.125, 0.25 and 0.50). The dependence of

the properties on possible mutual position of different-type

atoms (N and C) in the nonmetal sublattice was studied

taking a solid solution WC0.75N0.25 as an example. To this

end, two nitrogen atoms in the model W8C6N2 cell were

located in three different ways, viz., (1) in close proximity

within adjacent layers; (2) in close proximity within the

same layer; and (3) at a long distance within adjacent layers.

It was established that the WC17xNx (x4 0.25) solid

solutions retain the hexagonal structure of the starting

carbide upon introduction of low concentrations of nitro-

gen atoms into the WC lattice and that an increase in the

N : C ratio leads to rhombohedral distortions. The phase

transition from the hexagonal to rhombohedral phase

depends on the N : C ratio and on the mutual position of

these atoms in the lattice, e.g., the WC0.75N0.25 solid

solution retains the hexagonal structure if nitrogen atoms

(in the model cell) are in close proximity within adjacent

layers. In other cases, the hexagonal lattice is transformed

to rhombohedral one. As the N : C ratio increases, the

lattice constants of the solid solution decrease [this is

determined by the atomic radii R(C)= 0.077

nm>R(N)=0.071 nm]; their dependences on the C :N

ratio for WC17xNx deviated from those predicted by

Vegard's rule (Fig. 14).

The dependences of the cohesive energies and parame-

ters of the electronic spectrum [in particular, the density of

states at the Fermi level, N(EF)] of WC17xNx on the N : C

ratio show a nonmonotonic behaviour (see Fig. 14).134 In

addition, the cohesive energy WC17xNx depends on the

mutual ordering of carbon and nitrogen atoms in carboni-

trides. It was assumed 134 that target control of the ordering
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b

Figure 13. Fragment of the crystal structure of hypothetical WN3

(TcP3 structural type) (a) and the charge density map for WN3 (b),

which illustrates the formation of chains of directed covalent bonds

...7W7N7N7N7... .128
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Figure 14. The concentration dependences of the lattice constant (a),

cohesive energy (b) and total density of states at the Fermi level (c) for

solid solutions WC17xNx.134

For the carbonitride WC0.75N0.25 listed are the values corresponding to

different mutual arrangement of nitrogen atoms (1 ± 3, see text).
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of the nonmetal atoms containing in tungsten carbonitrides

may appear to be at least as efficient as variation of the

chemical composition in modificaton of the properties of

such systems.

2. Tungsten borocarbides and boronitrides
To reveal how the properties of hexagonal tungsten-con-

taining solid solutions depend on the chemical composition

and concentration of valence electrons, hypothetical tung-

sten borocarbide and boronitride (WB0.5C0.5 and

WB0.5N0.5 , respectively) were considered in addition to

tungsten carbonitrides.134 Whereas for tungsten carboni-

trides WC17xNx the concentration of valence electrons

increases with the N : C ratio

WC (10e)<WC0.875N0.125 (10.125e)<

<WC0.75N0.25 (10.25e)<WC0.5N0.5 (10.5e)<WN (11e),

tungsten borocarbide WB0.5C0.5 is characterized by an

electron deficiency of 9.5 e while the concentration of

valence electrons in WB0.5N0.5 (10 e) equals that of the

parent carbide WC.

It was found 134 that the structures of WB0.5C0.5 and

WB0.5N0.5 undergo rhombohedral distortions and the cohe-

sive energies (in absolute values) of these solid solutions are

much lower than those of tungsten carbonitrides. Analysis

of the electronic structure showed 134 that boron-containing

solid solutions lose their stability due to weakening of

atom ± atom bonds; the effect can clearly be monitored by

comparing the electron density maps for WC0.5N0.5 and

WB0.5C0.5 (Fig. 15).

3. Tungsten aluminocarbides
Sintering, hot pressing or mechanochemical treatment of

W+Al+C mixtures or W17xAlx+C alloys led to the syn-

thesis of novel solid solutions, viz., tungsten aluminocar-

bides of the general formula WxAlyCz .65 ± 70 These methods

allow one to prepare novel materials whose densities are

much lower than that of the parent WC (cf.

rWxAlyCz
=8.99 ± 9.44 g cm73, rWC=15.63 g cm73), while

the microhardness remains comparable with or is even

higher than that of WC. Attempts to obtain WxAlyCz

samples in the nano state (5-nm nanocrystallites 68) and

ceramic materials of more complex composition

WxAlyCz+Co (Ref. 135) were reported.

Key features of the novel solid solutions WxAlyCz with

the WC-type hexagonal structure include:

Ð occupation of sites in the d-metal (W) sublattice by

the p-element (Al) atoms;

Ð considerable non-stoichiometry (to z& 0.5 for

WxAlyCz) with respect to the carbon sublattice, whereas

the width of the homogeneity region of the parent WC is

negligible.33 In addition to the solid solutions mentioned

above, it is assumed 136, 137 that there exists an ordered

phase in the W7Al7C system, namely, a hexagonal

aluminocarbide W2AlC (space group P63/mmc) belonging

to a broad class of the so-called nanolaminates (also known

as H-phases).11, 138 ± 142 The lattice of W2AlC is built of W2C

blocks in such a manner that each carbon atom is in

octahedral coordination {CW6}. In turn, adjacent W2C

blocks are separated by planar networks of aluminium

atoms. Fragments of the crystal structures of the solid

solutions WxAlyCz (exact chemical composition is

W0.5Al0.5C) and nanolaminate W2AlC are shown in Fig. 16.

a

b

W

W

W

W

W

W W

W

WW

W

W

W

W

W

W

W

W

N N

C

C

B B

C

C

Figure 15. The charge density distribution for the valence states of

WC0.5N0.5 (a) and WB0.5C0.5 (b) in the (110) plane.134

Contours are drawn with an increment of 0.05 e �A73.
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Figure 16. Fragments of the crystal structures of the solid solution

W0.5Al0.5C (a) and the layered phase W2AlC (b).
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Specific features of the electronic structure of the

WxAlyCz solid solutions (taking W0.5Al0.5C as an example)

were compared with those of double carbides WC and

Al4C3 and an ordered ternary phase (aluminocarbide

W2AlC).143 The distribution of the density of states

(Fig. 17) shows that for W0.5Al0.5C and W2AlC the filled

energy bands include four main bands from A to D. The

bands A and B have the C2s and C2p character, respec-

tively; they are separated by the band gap whose width is

strongly dependent on the structure and chemical composi-

tion of each aluminocarbide (WxAlyCz or W2AlC). The

band B corresponds to hybridization of the C2p and W5d

states, which suggests sufficiently strong covalent bonds

W7C. The Al3s,p,d states make a much lower contribution

to the total density of states in the energy interval from

79 eV to EF compared to the W5d states; this predermines

a relatively low degree of hybridization of the states Al3p

and W5d, C2p. For W0.5Al0.5C, the bands C and D include

the bonding and antibonding C2p states, whereas the W5d

states dominate in these bands in the layered carbide

W2AlC. Unlike the semiconductor Al4C3 , both alumino-

carbides are expected to possess metal-like properties.

Estimates of the Sommerfeld coefficients and the Pauli

paramagnetic susceptibility suggest an increase in the `met-

allic' character of carbides in the order

WC<W0.5Al0.5C<W2AlC.

The stabilities of aluminocarbides W0.5Al0.5C and

W2AlC were evaluated theoretically based on the results of

calculations of the cohesive energies and energies of

formation.144 The cohesive energies of, e.g., W2AlC were

calculated from the relationship

Eoh(W2AlC)=Etot(W2AlC)7[2Eat(W)+Eat(Al)+Eat(C)],

where Etot is the total energy of aluminocarbide and

Eat(W,Al,C) are the total energies of corresponding atomic

constituents in the free (neutral) state.

The Ecoh values thus obtained determine the energy gain

in the formation of a compound from free atoms and can be

interpreted as the energy of chemical bonding. According to

calculations,144 Ecoh=710.7 eV for WC, 79.1 eV for

W2AlC and 77.8 eV per atom for W0.5Al0.5C, i.e., the

most stable phase is tungsten monocarbide with strong

covalent bonds W7C in the {CW6} trigonal prisms.

Among aluminocarbides, the most stable is the layered

phase W2AlC whose lattice also contains structural units

712 76 0 6 E /eV

0

1

2

3

0

0.04

0.08

0

0.5

1.0

0

0.06

0.12

0

0.04

0.08

0

0.5

1.0

A B
C

D

W6s

W6p

Al3s

Al3p

C2s

C2p

W5d

Al3d

a b
EF

0

1

2

0

0.06

0.12

0

0.3

0.6

0

0.05

0.10

0

0.03

0.06

0

0.3

0.6

712 76 0 6 E /eV

A
B C

D

W6s

W6p

Al3s

Al3p

C2s

C2p

W5d

Al3d

EF

D
en
si
ty

o
f
st
a
te
s
/s
ta
te
s
p
er

eV
p
er

u
n
it
ce
ll

D
en
si
ty

o
f
st
a
te
s
/s
ta
te
s
p
er

eV
p
er

u
n
it
ce
ll

Figure 17. The total and partial densities of states of the solid solution W0.5Al0.5C (a) and the layered phase W2AlC (b).143
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of WC, viz., {CW6} fragments. The least stable solid

solution is W0.5Al0.5C containing {CW3Al3} fragments.

The energies of formation of aluminocarbides synthe-

sized in different manner were estimated.143, 144 For

instance, W2AlC can be synthesized (1) from simple com-

ponents, viz., the metals [W and Al) and carbon (e.g., its

most stable allotrope, graphite Cg] by the formal solid-

phase reaction

2W+Al+Cg W2AlC;

(2) in the reactions involving a binary carbide

2WC+Al W2AlC+Cg

or
1

3
Al4C3+2W W2AlC+

1

3
Al;

(3) in the reaction involving both binary carbides

2WC+Al4C3 W2AlC+4Cg+3Al; and

(4) in the reaction involving the W0.5Al0.5 alloy and graphite

4W0.5Al0.5+Cg W2AlC+Al.

For these reactions, the corresponding energies of for-

mation were calculated from the equations

Eform(W2AlC)=Etot(W2AlC)7

7[2Etot(W)+Etot(Al)+Etot(Cg)],

Eform(W2AlC)= [Etot(W2AlC)+Etot(Cg)]7

7[2Etot(WC)+Etot(Al)],

Eform(W2AlC)=

�
Etot(W2AlC)+

1

3
Etot(Al)

�
7

7
�
1

3
Etot(Al4C3)+2Etot(W)

�
,

Eform(W2AlC)= [Etot(W2AlC)+3Etot(Al)+4Etot(Cg)]7

7[Etot(Al4C3)+2Etot(WC)],

Eform(W2AlC)= [Etot(W2AlC)+Etot(Al)]7

7[4Etot(W0.5Al0.5)+Etot(Cg)].

where Etot are the total energies of the corresponding

crystalline substances (tungsten, aluminium and graphite)

and their compounds (binary carbides and aluminocarbide).

Similar Eform calculations were also carried out for WC,

Al4C3, W0.5Al0.5 and W0.5Al0.5C.

An analysis of the data of Table 8 suggests the follow-

ing. Binary carbides WC and Al4C3, as well as W0.5Al0.5 are

characterized by negative Eform values; therefore, these

phases are stable. Contrary to this, both aluminocarbides

in all reactions considered have Eform5 0; in other words,

these phases are unstable and can be obtained under non-

equilibrium conditions. Of course, a more correct simula-

tion of the synthesis conditions of W0.5Al0.5C and W2AlC

should take into account the effect of temperature and

pressure. In addition, for each aluminocarbide the energy

Eform depends strongly on the synthesis procedure. For

instance, the synthesis of aluminocarbide W0.5Al0.5C from

elemental substances (tungsten, aluminum, graphite) is the

most energetically favourable because in this case Eform has

the minimum positive value. The synthesis of this phase

from stable binary carbides WC and Al4C3 is the least

energetically favourable. The energies Eform for the reac-

tions involving a binary carbide (WC or Al4C3), and

W0.5Al0.5 have intermediate values. These results are by

and large in agreement with those of experiments 65 ± 70 in

which solid solutions WxAlyCz with the WC-type structure

were synthesized by sintering of W, Al and graphite pow-

ders (or graphite and W7Al alloys) rather than binary

carbides WC and Al4C3 .

The results of Eform calculations for possible model

reactions of the synthesis of nanolaminate W2AlC (see

Table 8) lead to similar conclusions. Here, for same-type

reactions one has Eform(W2AlC)<Eform(W0.5Al0.5C),

which characterizes the layered aluminocarbide W2AlC as

a highly stable compound compared to W0.5Al0.5C (see

above). In addition, the stability of solid solutions

W17xAlxC increases as the parameter x decreases (W :Al

ratio increases).

As mentioned above, WxAlyCz samples may have a large

number of vacancies in the carbon sublattice (z5 0.5).70

The results of simulation of non-stoichiometric tungsten

aluminocarbide (solid solution W0.5Al0.5C0.75) suggest 145

that a wide homogeneity region of these solid solutions is

due to the stabilizing effect of C-vacancies because the

introduction of such vacancies into W17xAlxCy consider-

ably reduces the density of states at the Fermi level. In

addition, an analysis 145 of possible ordering types of carbon

vacancies showed that `clustering' of vacancies, which can

initiate decomposition of solid solutions to individual

phases, is energetically unfavourable and the preferred

situation for vacancies is to be located at maximum dis-

tances from one another.

Nanolaminate W2AlC and related phases M2AlC

(M=Ti, Zr, Hf, V, Nb, Ta, Cr and Mo) were studied to

estimate the uniform compression moduli B 146, 147 and the

compressibilities at pressures to 70 GPa.136 Taking into

account the character of the M2C/Al interaction between

adjacent layers, all M2AlC phases can be divided into two

groups, the so-called loosely bound phases (M=Ti, Zr, Hf)

and the tightly bound ones where M are all other d-me-

tals.136, 146, 147 It was found that among these phases,

Table 8. Energies of formation of WC, Al4C3 , W0.5Al0.5 , W0.5Al0.5C and
W2AlC in different model solid-phase reactions.143

Reaction Eform

/eV per atom

1

2
W+

1

2
Al+Cg?W0.5Al0.5C +0.47

WC+
1

2
Al?W0.5Al0.5C +

1

2
W +0.64

1

3
Al4C3+

1

2
W?W0.5Al0.5C+

5

6
Al +0.55

1

2
WC+

1

2
Al4C3?W0.5Al0.5C+

3

4
Al+

1

2
Cg +0.67

W0.5Al0.5+Cg?W0.5Al0.5C +0.52

2W+Al+Cg?W2AlC 0.0

2WC+Al?W2AlC+Cg +0.17

1

3
Al4C3+2W?W2AlC+

1

3
Al +0.04

Al4C3+2WC?W2AlC+4Cg+3Al +0.29

4W0.5Al0.5+Cg?W2AlC+Al +0.10

W+Cg?WC 70.17

4Al+3Cg?Al4C3 70.07

1

2
W+

1

2
Al?W0.5Al0.5 70.10
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W2AlC is characterized by the maximum B value

(B>250 GPa) and the lowest compressibility (Fig. 18).

This was explained 136 by the strongest M7C and M7Al

bonds (and by minimum anisotropy of particular bonds) in

W2AlC compared to other M2AlC phases.

Solid solutions Nb27xWxAlC (0< x<2) were

studied.137 According to calculations, doping of nanolami-

nate Nb2AlC with tungsten causes a considerable (to 30%)

increase in its elastic modulus. At the same time, one should

take into account the fact that the introduction of tungsten

into Nb2AlC leads to a progressive decrease (in absolute

value) in the energy of formation of this solid solution,

which becomes positive for `pure' W2AlC Eform (relative to

Eform of the starting elements), which suggests a metastable

character of this phase.144

4. Tungsten carbides doped with d-metals
In ternary systems W7M7C(N) (M is a transition metal),

both substitution solid solutions WxMyC(N)z retaining the

structural type of the starting binary phases (see a review 33)

and ternary phases (see above) with individual chemical

composition and structure can form. In this Section, we will

consider information on simulation of solid solutions of the

general formula WxMyC(N)z .

To date, the electronic structures and some properties

were studied for W0.75M0.25C (M=Ti, Mo),148, 149

W0.875M0.125C (M=Cr, Co, Zr) 98 and W0.875M0.125C

(M is a 3d-metal, such as Sc, Ti, V, ... , Ni, Cu).150

A comparative analysis of the energy states of

W0.75M0.25C (M=Ti, Mo) with the WC- and NaCl-type

structures showed148 that the introduction of Ti atoms into

160

200

240

200 240 280 320 B (MC) /GPa

B(M2AlC) /GPa

Zn

Hf

Ti

Nb
V

Cr
Ta

Mo

W

Figure 18. The uniform compression moduli of nanolaminates M2AlC

(M=Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W) plotted vs. B values of the

corresponding metal monocarbides MC.147
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Figure 19. The total and partial densities of states for nonmagnetic ternary solid solutions.150

W0.875Sc0.125C (a), W0.875Ti0.125C (b), W0.875V0.125C (c), W0.875Cr0.125C (d ), W0.875Mn0.125C (e), W0.875Fe0.125C ( f ), W0.875Ni0.125C (g) and

W0.875Cu0.125C (h).
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tungsten carbide favours stabilization of its cubic poly-

morph. The authors of Ref. 149 calculated parameters of

the electronic spectra of solid solutions W0.875M0.125C

(M=Cr, Co, Zr) and evaluated the compression moduli,

which appeared to be about 6%± 12% lower than that of

binary WC.149

Common trends in changes in the electronic spectrum of

WC upon partial replacement of tungsten atoms by atoms

of 3d-metals (M=Sc, Ti, V, ... , Ni and Cu) were consid-

ered.150 The W0.875M0.125C phases studied (except for

W0.875Co0.125C) were nonmagnetic systems. The electronic

structure of W0.875M0.125C (Fig. 19) is by and large similar

to that of tungsten monocarbide (see Section II); the key

features of the distribution of states in solid solutions are

determined by the positions (and degree of filling) of the

valence 3d states of the metal M. On going from Sc to Cu

the M3d states are shifted towards the `interior' of the

common valence band of W0.875M0.125C and the degree of

filling of these states increases. The concentration of valence

electrons in solid solutions increases from 9.625 e per

formula unit for W0.875Sc0.125C to 10.625 e per formula

unit for W0.875Cu0.125C. As a result, the Fermi level is

shifted from the top of the hybridized band

(W5d+M3d+C2p) to a local minimum of the density of

states (see Fig. 19). Noteworthy is a nonmonotonic change

in the density of states near EF (Table 9). On going from Sc

to Cu a minimum value of N(EF) was found for

W0.875Cr0.125C, which is formed upon isoelectronic substi-

tution W?Cr. The major contribution to the near-EF

region comes from the W5d, M3d and C2p states, the

Table 9. The total and partial densities of states at the Fermi level, the low-temperature heat capacity coefficients and the Pauli paramagnetic
susceptibilities of nonmagnetic solid solutions W0.875M0.125C and h-WC.150

System Ntot(EF) NW5d(EF) N C2p(EF) NM3d(EF) g /mJ K72 mol71 w /1074 emu mol71

states per eV per formula unit

W0.875Sc0.125C 0.701 0.215 0.108 0.033 1.66 0.22

W0.875Ti0.125C 0.882 0.264 0.115 0.085 2.09 0.27

W0.875V0.125C 0.479 0.126 0.066 0.060 1.13 0.15

W0.875Cr0.125C 0.294 0.090 0.039 0.043 0.70 0.09

W0.875Mn0.125C 0.428 0.176 0.020 0.096 1.01 0.13

W0.875Fe0.125C 0.625 0.216 0.049 0.179 1.48 0.19

W0.875Ni0.125C 0.362 0.110 0.069 0.058 0.86 0.11

W0.875Cu0.125C 0.540 0.171 0.101 0.050 1.28 0.17

h-WC 0.228 0.099 0.029 7 0.54 0.07
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f
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Figure 20. The charge density distributions for the valence states of nonmagnetic ternary solid solutions W0.875Sc0.125C (a), W0.875Ti0.125C (b),

W0.875V0.125C (c), W0.875Mn0.125C (d ), W0.875Fe0.125C (e) and W0.875Ni0.125C ( f ).150

Isoelectronic contours are drawn with an increment of 0.05 e �A73.
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composition of N(EF) varies over a rather wide range

depending on the type of the 3d impurity.

The evolution of the atom ± atom interactions in

W0.875M0.125C solid solutions on going from Sc to Cu is

illustrated by the charge density maps of the valence states

(Fig. 20). The strongest M7C hybrid bonds occur 150 in the

solid solutions with the mid-3d row impurities (V, Cr, Mn),

whereas the bonds involving M=Sc, Ni, Cu significantly

weaken; this is an indirect indication of a greater instability

of the systems with M=Sc, Ni, Cu and agrees with the

estimates of the energies of formation and cohesive energies

(Fig. 21). Analysis of these results showed that:

Ð for all solid solutions studied one has

jEform(W0.875M0.125C)j< jEform(WC)j, which indicates a

higher stability of tungsten monocarbide, i.e., the introduc-

tion of all 3d impurity atoms leads to partial destabilization

of the starting tungsten monocarbide;

Ð for the solid solutions with the early 3d metals one

has Eform<0, whereas the systems containing the late 3d

metals are characterized by Eform>0 and are therefore

unstable;

Ð solid solutions W0.875Co0.125C are characterized by

nearly zero energies Eform; in addition. the most stable solid

solution is W0.875V0.875C with partial replacement of W

atoms by V.

Of course, a more correct comparison of the data 150

with experimental results requires taking account of the

effect of pressure and temperature.

It is noteworthy that for the impurities Sc, Ni and Cu

both the energies (Eform , Ecoh) and the calculated 150 equi-

librium unit cell volumes (V ) and densities (rtheor) vary

nonmonotonically. Eventually, calculations 150 predict that

the introduction of cobalt atoms into WC will cause the

appearance of local magnetic moments on the Co atoms

(0.84 mB) due to spin polarization of the Co3d states,

whereas the induced magnetic moments of the nearest W

and C atoms are very small (<0.01 mB). For

W0.875Co0.125C, the densities of the spin-`up' and spin-

`down' states at the Fermi level differ by about two times,

being 0.200 and 0.389 states per eV per formula unit,

respectively.

5. Perovskite-like ternary tungsten carbides and nitrides
Among the ternary tungsten-containing carbides and

nitrides having individual crystal structures, chemical com-

positions and properties, there is a group of cubic phases

with perovskite-like structure.151 It includes a ternary car-

bide W3NiC, a nitride W3NiN, which was obtained upon

decomposition of metastable Ni2W3N,152 as well as two

predicted 151 perovskite-like phases Co3WC and Rh3WC.

The electronic, energy, magnetic and mechanical proper-

ties Co3WC, Rh3WC, Ir3WC, W3NiN, and W3NiC were

calculated.153 One can follow how these properties of

perovskite-like tungsten-containing phases vary depending

on, first, the type of transition metal (i.e., Co3WC compared

to Rh3WC); second, the type of the p-element (C or N, i.e.,

W3NiC compared to W3NiN); third, on the W :M ratio

(W :M=3 or M :W=3, i.e., W3NiC compared to

Co3WC).

Selected calculated 153 parameters are listed in Table 10.

As can be seen, the unit cell volumes of the perovskites

decrease in the order

V(Ir3WC)>V(W3NiC)>V(W3NiN)>V(Rh3WC)>

>V(Co3WC),

while the densities of the phases increase in the order

Co3WC<Rh3WC<W3NiC<W3NiN<Ir3WC.

All independent elastic constants of the perovskites (C11 ,

C12 , C44) are positive and meet the criterion for the

mechanical stability of crystals

(C117C12)>0,

(C11+2C12)>0,

C44>0.

The compression moduli are rather close (they are in the

interval *256 ± 297 GPa), being much lower than those of

the binary tungsten carbides (B& 384 GPa for h-WC and

B& 363 GPa for c-WC).85 For all antiperovskite phases

one has B>G, which means that the parameter limiting the

stability of these crystals is the shear modulus. In addition,

the calculated elastic constants allow one to estimate the so-

called Pugh criterion 97 (P=G/B) and the Cauchy pres-

0.0207
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0.0216

V /nm3

13.8

14.0

14.2

14.4

rtheor /g cm73

70.4
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Figure 21. Dependences of the equilibrium unit cell volumes (a), densities (b), energies of

formation from simple elements (c) and cohesive energies (d ) of ternary carbides with the formal

stoichiometry W0.875M0.125C on the nature of the metal M.150
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sure 88 (CP=C127C44). For all antiperovskites one has

CP>0 and G/B<0.5; thus, according to the known

rules,88, 97, 154, 155 all these phases belong to plastic materials

with metal-like type of chemical bonding.

The stability of all perovskite-like phases was evaluated

from their cohesive energies. For the carbides, the energies

of their formation relative to metals (W, Ni, Co, Rh, Ir) and

graphite were also calculated. It was found that the Ecoh

values decrease in the following order

W3NiN?W3NiC? Ir3WC?Rh3WC?Co3WC,

and all cohesive energies of ternary phases are lower in

absolute value than that of WC. Interestingly, for the

ternary phases one has

Ecoh(W3NiN)<Ecoh(W3NiC),

while for the binary phases one gets 85

Ecoh(WC)<Ecoh(WN).

This can be due to strengthening of metallic character of the

Ni7W bond with shortening of the distance between Ni

and W atoms on going from W3NiC to W3NiN.153 The

energies of formation of ternary carbides are positive, which

means that these phases are metastable relative to mechan-

ical mixtures of simple reactants.

Electronic structure calculations showed that W3NiC

and W3NiN are nonmagnetic phases. The valence band of

W3NiC is composed of three main bands (peaks A, B, C,

Fig. 22). The low-energy band A is composed of C(N)2s

Table 10. Optimized lattice constants and the energy, magnetic and
mechanical properties of perovskite-like tungsten-containing phases.153

Parameter W3NiC W3NiN Co3WC Rh3WC Ir3WC

a /nm 0.4092 0.4064 0.3808 0.4060 0.4095

V /nm3 0.0685 0.0671 0.0552 0.0669 0.0687

rtheor /g cm73 15.077 15.447 11.250 12.519 18.687

7Ecoh /eV per 49.10 49.54 36.20 40.01 46.48

formula unit

7Eform /eV per 1.33 7 1.25 0.98 2.36

formula unit

C11 /GPa 498 606 437 387 355

C12 /GPa 159 143 167 191 207

C44 /GPa 106 78 87 51 17

B /GPa 272 297 257 256 256

G /GPa 131 139 106 70 40

NW5d(EF) a 1.521 1.236
0:612

0:061

0:517

0:288

1:176

0:526

NMd(EF) a 0.690 0.649
0:972

2:145

1:147

0:563

1:759

0:669

N(EF) a 3.908 3.228
2:398

2:460

2:557

1:494

4:603

2:202

g /mJ K72 mol71 9.26 7.65 7 7 7
w /1074 emu mol71 1.20 0.99 7 7 7

Note. For the magnetic phases, listed are the densities of the spin-`up'

(numbers in the numerator) and spin-`down' states (numbers in the

denominator). aGiven in states per eV per formula unit.
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Figure 22. The total and partial densities of states for nonmagnetic perovskite-like phases W3NiC (a) and W3NiN (b).153

Insets: charge density maps for the valence states in the (110) plane. Isoelectronic contours are drawn with an increment of 0.05 e �A73.
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states and separated from the next band B, which is mainly

formed by the C(N)2p states (with mixing of W5d and Ni3d

states), by a gap of about 1.8 eV. The third band C (near

EF) is mainly filled with the W5d and Ni3d states.

Interatomic interactions in W3NiC and W3NiN are of a

complex character and include a metallic component (due to

delocalized W5d and Ni3d states) corresponding to the

band C and an ionic component determined by transfer of

the charge density from the transition metal to carbon

(nitrogen) atoms. The covalent bond is formed by the

overlapping C(N)2p and W5d states, as is clearly seen in

the charge density maps (see Fig. 22). These maps also show

weakening of metal7nonmetal covalent bonds on going

from W3NiC to W3NiN.

Unlike W3NiC and W3NiN, the phases Co3WC, Rh3WC

and Ir3WC are magnetic in the ground state (Fig. 23). The

onset of magnetism is due to spin polarization of both metal

sublattices (Co, Rh or Ir and tungsten); the corresponding

atomic magnetic moments are listed in Table 11. As can be

seen, the total magnetic moments (calculated per unit cell)

considerably decrease in the order Co3WC?Rh3WC?
Ir3WC. In addition, for Co3WC the major contribution to

the total magnetic moment comes from the cobalt atomic

moments (Fig. 24). The reverse is observed for Rh3WC and

Ir3WC, viz., the magnetization of these phases is governed
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Figure 23. The total and partial spin densities of electronic states for magnetic perovskite-like phases Co3WC (a), Rh3WC (b) and Ir3WC (c).

Table 11. The total magnetic moments (per unit cell) and atomic magnetic
moments (mB) in antiperovskites Co3WC, Rh3WC, Ir3WC.153

Phase mtot mW mCo, Rh, Ir mC

Co3WC 4.10 0.46 1.10 0.01

Rh3WC 2.81 1.23 0.18 0.10

Ir3WC 1.50 0.69 0.08 0.02

a

b

0.8 0.7 0.6 0.5 0.4 0.3 0.2 r /e �Aÿ3

0.12 0.10 0.08 0.06 0.04 0.02 0 Dr /e �Aÿ3
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Figure 24. The charge density maps for the valence states (a) and

differene spin density (Dr= r:7r;) (b) in antiperovskite Co3WC in

the (110) plane.153
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by the magnetic moments of atoms in the tungsten sub-

lattice (see Table 11).

6. Tungsten-containing ZZ-phases
Among ternary tungsten-containing carbides, there is a

group of Z-phases which are formed in composites in the

space between WC grains and transition metals (M) or their

alloys. As the so-called secondary phases, they significantly

affect the properties (e.g., mechanical ones) of these tung-

sten-containing materials 156 ± 163 similarly to the effect of

Cr7C3 phases, cementite (Fe3C) or Fe2B on the properties of

the carbon or Fe7B-steels and cast irons.164 ± 167

Among tungsten-containing Z-phases with different

M :W ratio (e.g., Co2W4C or Co4W2C), 33 the most widely

known are Z-carbides with the stoichiometry M :W=1,

namely, M3W3C and M6W6C.156 ± 163, 168 ± 174 Synthetic

routes to the Z-phases include, e.g., mechanochemical treat-

ment of corresponding binary carbides.168 ± 170 Z-Carbides
possess a number of interesting properties. For instance, the

compression modulus B of Co6W6C is 462 GPa,175 being

higher than those of diamond (* 444 GPa) and h-WC

(* 421 GPa); Fe3W3C and Fe6W6C exhibit a rather high

microhardness (HV& 15.6 GPa).170

According to the available crystallographic

data,3, 176 ± 178 Z-carbides have a cubic structure (space

group Fd 3m) with Z=16 (for M3W3C) and Z=8 (for

M6W6C). In the M3W3C and M6W6C lattices, tungsten

atoms occupy the positions 48f, the atoms M occupy two

nonequivalent positions 32e (M1) and 16d (M2) and carbon

atoms occupy the positions 16c (for M3W3C) or 8a (for

M6W6C) (Fig. 25).

Recently, detailed ab initio studies of the electronic

structure, atom ± atom interactions and some structural,

mechanical, cohesive and magnetic properties of Z-carbides
M3W3C (M=Fe, Co, Ni) and M6W6C (M=Fe, Co) were

carried out for the first time.179 ± 181 The structural data thus

obtained (Table 12), in particular, show that

a(Fe3W3C)> a(Fe6W6C),

a(Co3W3C)> a(Co6W6C).

The theoretical density decreases in the order

Co6W6C>Fe6W6C>Co3W3C>Fe3W3C,

i.e., the Co-containing phases have a higher density than the

Fe-containing phases (with the same (W, M) : C ratio).180 In

addition, one has rtheor(M6W6C)> rtheor(M3W3C), i.e., the

phases with lower carbon content are more dense. At the

same time, for all ternary carbides M3W3C and M6W6C the

rtheor values are lower than the theoretical density of h-WC

(about 15.40 g cm73).

Estimates 181 of the compression and shear moduli of the

M3W3C phases showed that these parameters decrease (see

Table 12) in the order

Fe3W3C>Co3W3C>Ni3W3C.

Taking into account the known correlations between the B

and G moduli and the hardness, Fe3W3C is expected to be

the hardest among the M3W3C phases.181 This phase is also

characterized by the lowest compressibility, which ranks the

second after that of diamond (Fig. 26).

The energies of formation of the M3W3C phases calcu-

lated relative to the corresponding metals and graphite

decrease in absolute value as follows:181

Fe3W3C>Co3W3C>Ni3W3C.

a b

Figure 25. Fragments of the crystal structures of M3W3C (a) and M6W6C (b) (M=Co, Fe).

X and Y are two types of nonequivalent 3d-metal atoms occupying the positions 32e and 16d.

Table 12. Lattice constants, theoretical densities, uniform compression
moduli and shear moduli of cubic Z-carbides M3W3C and M6W6C
(M=Fe, Co, Ni).

Z-Carbide a /nm rtheor B /GPa G /GPa Ref.
/g cm73

Fe3W3C 1.1032 14.464 7 7 180

1.1087 7 7 7 117

1.084 7 371.2 182.2 181

Co3W3C 1.1023 14.685 7 7 180

1.1112 7 7 7 176

1.088 7 351.1 158.1 181

Ni3W3C 1.17 7 7 7 182

1.090 7 331.2 143.3 181

Fe6W6C 1.0900 14.873 7 7 180

1.090 7 7 7 178

Co6W6C 1.0877 15.163 7 7 180

1.0897 7 7 7 176
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According to Eform calculations for the Z-carbides M3W3C

and M6W6C,180 the most stable is Fe6W6C, whereas

Co3W3C is the least stable. At the same time, all Z-phases
are less stable than h-WC, which is in good agreement with

experimental data; namely, sintering of mixtures of elemen-

tal reactants in the ternary systems (Fe,Co)7W7C results

in primary products [mainly WC and Fe(Co)], while Z-car-
bides are formed as intermediate phases only after subse-

quent activation (grinding, heating, etc.).157, 160, 183, 184 An

attempt 180 to estimate the energies of formation of Z-car-
bides in the reactions involving h-WC and the most stable

phase of tungsten subcarbide (e-W2C) showed that in the

former case one gets Eform>0 and thus the latter case is

energetically more favourable.

Analysis of the magnetic and electronic properties of the

Z-phases showed 180 that Co3W3C and Co6W6C are non-

magnetic in the ground state, whereas the Fe-containing

carbides mainly possess the properties of ferromagnetics.

However, the energy gain in the latter case is small com-

pared to nonmagnetic, being about 0.001 eV per atom for

Fe3W3C and 0.002 eV per atom for Fe6W6C.

The total and partial densities of states of nonmagnetic

Co3W3C and Co6W6C are shown in Fig. 27. The spectra of

these phases exhibit a number of common features. For

instance, in both spectra the low-energy band (peak A) is

composed of C2s states. The filled (W+Co)d bands are

localized in the interval from 78.2 eV to EF (for Co3W3C)

and from 78.4 eV to EF (for Co6W6C); these states are

separated from the C2s states by forbidden gaps of about

3.6 and 3.7 eV, respectively. Emphasize that the Co3d band

is much narrower than the W5d band (these bands overlap

with each other). As a result, the bottom of the valence band
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(peak B) is formed by the W5d states, which overlap with

the C2p states and form covalent bonds W7C. The

Co3d7C2p overlap is much weaker. The upper part of the

valence band and the bottom of the conduction band (peaks

C and D) have a (W+Co)d mixed character and the Fermi

level is in the region of the peaks C and D. The N(EF) values

decrease (in the nonmagnetic state) as follows:

Fe6W6C>Fe3W3C>Co6W6C>Co3W3C,

i.e., the Fe-containing phases in the nonmagnetic state are

characterized by higher N(EF) values compared to the

Co-containing phases. This provides a qualitative explan-

ation for the nonmagnetic state of the Co-containing

Z-carbides. On going from M3W3C to M6W6C (as the

concentration of carbon atoms decreases), the N(EF) values

increase. An analysis of the orbital contributions to N(EF)

showed180 that the W5d and (Co,Fe)3d states give compa-

rable contributions to the near-EF region, whereas the

contribution of the C2p states is small. For the ferromag-

netic carbides Fe3W3C and Fe6W6C, a spin splitting of the

Fe3d states was found. The magnetic moments of iron

atoms vary from 0.10 to 0.75 mB depending on the type of

positions; the induced magnetic moments of tungsten and

carbon atoms are very small.

As in other tungsten-containing phases considered in the

review, chemical bonds in Z-carbides are of mixed charac-

ter.180, 181 Covalent bonds are formed by the W5d7C2p

hybridized orbitals, the formation of ionic bonds is due to

partial transfer of the electron density from the metal to

carbon atoms. The metallic component is due to mixing of

delocalized d states of the atoms of W and 3d-metals

containing in the Z-phases. The populations of particular

(pair) bonds (n, e) in these materials are comparable. For

instance, for Fe3W3C one has n(W7C)=0.35,

n(Fe7W)=0.23, n(W7W)=0.13 and n(Fe7Fe)=

0.10.181

V. Conclusion

Summing up, considerable progress has recently been made

in the interpretation and prediction of many properties of

tungsten-containing compounds using ab initio computa-

tional methods of quantum chemistry and computer-

assisted materials science.

In the early stage of investigations (1970s ± 1990s) the

emphasis was mainly placed on the electronic spectra of the

simplest highly symmetric perfect crystals (WC and WN).

At present, theoretical studies concern much more complex

systems (solid solutions of variable composition, ternary

phases of complex structure and chemical compositions,

e.g., Z-carbides, etc.) for which not only parameters of the

electronic spectra are determined, but also microscopic

analysis and prediction of a rather large number of phys-

icochemical properties including structural, cohesive,

mechanical, magnetic ones, etc., is made. This is of great

importance for progress in fundamentals of materials sci-

ence of tungsten-containing systems.

At the same time, many issues in theoretical materials

science of these systems are still to be solved. We believe

they include the effect of lattice defects on the physicochem-

ical properties of these materials, systematic investigations

on the peculiar features of their surface states and interfaces

for heterogeneous systems involving tungsten carbides and

nitrides. At present, there are only a few studies on the

theoretical description of the effect of vacancies in the

tungsten and carbon sublattices on the properties of WC

(Refs 82 and 83) and on consideration of specific features of

the surface electronic states of monocarbide WC (Refs 74

and 99) and interfacial regions in WC/Co,183, 184

WC/HfO2 ,185 WC/Al (Ref. 99) and WC/C composites.186

Simulations of the morphologies, electronic structure

and properties of the available (already synthesized) tung-

sten carbides and nitrides and related tungsten-containing

systems in the nano state (in the form of nanopowders,

nanofilaments, nanotubes and nanocomposites) are scarce.

Taking into account the potential of modern ab initio

methods and a great experience in using them to simulate

various nanoforms of carbides and nitrides of other tran-

sition metals,16 ± 30 one can expect that corresponding inves-

tigations of tungsten-containing nanomaterials will be set in

the nearest future.

The review has been written with the financial support

from the Russian Foundation for Basic Research (Project

No. 08-08-00034).
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