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Phase equilibria in the W — C system and tungsten carbides
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Abstract. The results of experimental and theoretical investiga-
tions of phase equilibria in the W — C system and of the crystal and
electronic structures of tungsten carbides are generalised. The
phase diagram of the W—C system supplemented by new com-
pounds is considered. The sequence of phase transformations
associated with ordering of lower hexagonal carbide B-W-,C is
analysed. The region of existence of cubic carbide y-WCj_ is
discussed in detail. The generalised information on the phase
equilibria in the ternary system W —Co —C, which forms the basis
for the synthesis of hard alloys WC—Co, is given. Methods of
synthesis of tungsten carbides and hard alloys based on them are
considered. Modern methods for the synthesis of nanostructured
hard alloys are discussed in detail as well as their structures and
properties. The bibliography includes 131 references.

1. Introduction

Carbides of Group IV-VI transition d-metals belong to non-
stoichiometric interstitial compounds.'~# Transition metals of
Groups IVA and VA (Ti, Zr, Hf, V, Nb, Ta) form cubic carbides
MC, with the Bl-type structure (NaCl), while the metals of
Groups VA and VIA (V, Nb, Ta, Cr, Mo, W) form in addition
lower hexagonal carbides M,C, with the L'3-type structure
(W20).1

A characteristic feature of the structures of these compounds
is the presence of the face-centred cubic (fcc) or hexagonal [simple
or closely-packed (hep)] metal lattice, in which the carbon atoms
are located in the centre of octahedral or trigonal interstitials of
the metal lattice. The metal structure changes with the formation
of carbides. In carbides, the metal lattice symmetry differs from
that of transition metal lattices. Group IV metals (Ti, Zr, Hf),
which have the hep structure, form carbides with the fcc metal
sublattices. Metals with the body centred cubic (bcc) structure (V,
Nb, Ta, Cr, Mo, W) form carbides with the cubic or hexagonal
metal sublattices. The changeover of the crystal structure of
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metals upon formation of carbides suggests strong metal—carbon
interactions and negligible interactions between carbon atoms.>

In carbides, the carbon atoms, that are located in the inter-
stitial voids of the metal sublattice form a non-metal sublattice.
Unoccupied interstitials are called structural vacancies and de-
signated as []. Together with carbon atoms, they form a substitu-
tional solution in the non-metal sublattice. The presence of
structural vacancies is a characteristic feature of carbides that
belong to the group of non-stoichiometric compounds. The
concentration of vacancies and their distribution type have a
strong effect on the properties of such carbides. The results of
experimental and theoretical studies on how the distribution of
atoms and vacancies affects the structure and properties of
strongly non-stoichiometric compounds are generalised in mono-
graphs.! =6

Carbides of Group IV — VI transition d-metals have the high-
est melting points and are the hardest among all the compounds
known.3-4-7-12 Therefore, these carbides are used in manufactur-
ing structural and tool materials capable of operating at elevated
temperatures, in aggressive media and under heavy loads; they
make it possible to develop protective and hard coatings, efc.
Tungsten carbide WC is not the hardest or the most refractory
compound, viz., its melting point (~ 3060 K) is low as compared
with non-stoichiometric carbides TiC,, ZrC,, HfC,, VC,, NbC,
and TaC, and its hardness (18 -22 GPa at 300 K) is also low as
compared with these carbides.?* However, the hardness of WC is
sufficiently stable and decreases relatively slightly with the
increase in temperature from 300 to 1200—1300 K. Moreover, as
compared with carbides of other transition metals, tungsten
carbide has a higher modulus of elasticity and a lower coefficient
of thermal expansion. It is the combination of the aforementioned
properties and their temperature stability that determines the use
of WC in the production of wear-resistant hard alloys, which form
the basis of all tool materials.

Tungsten carbide was first synthesised in 1893.!3 The synthesis
of refractory carbides including WC from oxides, in which
calcium carbide is used as the reactant, was described.'* The
industrial production of hard alloys based on WC started
2025 years after its discovery and goes on at present.!>

T Hereinafter, the lattice types of inorganic compounds are shown
according to the following book: W B Pearson The Crystal Chemistry
and Physics of Metals and Alloys (New York, London: Wiley, 1972); in the
parentheses, the typical example of a given type is shown.
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The practical interest in tungsten carbide determines the active
fundamental investigations of its crystal and electronic structure
and also of the physicochemical properties of both WC as such
and related compounds and systems that contain it. In the past 20
years, the most active studies were associated with the synthesis
and application of nanocrystalline tungsten carbide.

I1. Phase equilibria and the crystal structures of
phases in the W — C system

In addition to tungsten and carbon, the W — C system includes two
phases, namely, W>C and WC, each having several structural
modifications, which are stable in certain temperature and con-
centration ranges (Fig. 1).

Two successive editions of a handbook on a phase diagrams of
binary alloys!6!7 show the generalised phase diagram of the
W —C system, which is mainly based on earlier diagrams of this
system !8-2! and takes into account in part the results of another
publication.?? A later handbook 23 represents a phase diagram
from a paper by Rudy and Hoffman,?! while a Russian hand-
book 24 reproduces a phase diagram of the W — C system given in
the handbook cited.!® Relatively few authors dealt with phase
equilibria in the W—C system; however, they used different
designations for the discovered phases, which led to the confusion
in the description of this system. Even in the handbooks,'® 17 the
table that describes the W — C system confuses the designations for
the disordered hexagonal and orthorhombic W>C phases. To

a
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Figure 1. Generalised phase diagram of the W—-C system (a) (see

Refs 16, 17) and a fragment of this diagram in the high temperature region
(b) (see Ref. 22).

avoid confusion, in this review, the designations for the W—C
system are taken from Ref. 17 (corrected for the revealed mis-
take). As the illustration, in certain cases we also show the
designations used in other sources.

Four modifications are described for lower tungsten carbide
W,C. Three of them are low-temperature p’-W,C, intermediate
B’-W>C and high-temperature B-W,C, which were also desig-
nated %1821 as g-, B- and y-W,C, respectively. However, the
structures of these modifications were proposed based on the
limited experimental data. The structure of yet another modifica-
tion designated as &-W>C (Ref. 25) was revealed sufficiently
reliably in neutron diffraction studies.?>~2°

In all W>C modifications, tungsten atoms form a hcp metal
sublattice, in which one-half of octahedral interstitials are occu-
pied by carbon atoms. These atoms are randomly distributed over
the interstitials at high temperatures and are ordered at low
temperatures. The possibility of the formation of several struc-
tural modifications of W»C is associated with different types of
distribution of carbon atoms. Higher carbide WC with the
hexagonal structure is designated as 8-WC [a-WC (Ref. 22) or
simply WC (Refs 12 and 21)]. Furthermore, the compositions
between lower and higher tungsten carbides include the cubic
phase y-WC, _ [designated also as B-WC (Ref. 22) or a-WC) _
(Refs 12 and 21) or simply WC; _,]. For the first time, tungsten
carbide with the cubic structure and the unit cell parameter of
0.416 nm was synthesised 3 by its deposition from W(CO)s
vapour and described as a cubic modification of W»,C. Later, a
cubic carbide with a unit cell parameter of 0.425 nm was synthes-
ised3! in a spark discharge between the electrodes made of
hexagonal WC, which were placed into a petroleum bath, and
characterised also as lower carbide W>C. Other authors3? who
also detected the cubic modification of tungsten carbide identified
it as yet another high-temperature modification of W»>C. How-
ever, at present, cubic carbide y-WC;_, is considered as a
structural modification of higher tungsten carbide.

Now, we discuss characteristic features of the crystal structure
of phases in the W —C system.

Metallic tungsten has the bcc structure [space group fm3m
(0,91 )] of its own structural type 42 (type W). Such a structure is
also typical of alkali metals, vanadium, niobium, tantalum,
chromium and «-Fe. The crystal structure base contains two
atoms in positions 2(a) with coordinates (0 0 0) and (1/2 1/2 1/2).

According to studies by Rudy et al.'82! and in line with the
phase diagram of the W—C system (see Fig. 1), the most high-
temperature phase f-W-,C has a hexagonal [space group P63/mmc
(D)) structure of the L'3-type (Fig. 2). The existence of lower

Figure 2. Hexagonal structure of the L'3-type of lower disordered
carbide B-W,C.!-2

Tungsten atoms (solid circles) form a hcp sublattice the octahedral
interstitials (open circles) of which are randomly occupied by carbon
atoms with a probability of 1/2.
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tungsten carbide W>C with the L'3-type structure was directly
proved in a neutron diffraction study,?® in which the disordered
W,C phase was observed together with the ordered phase of this
carbide. For high-temperature totally disordered W,C, the L'3-
type structure is quite reasonable by analogy with other lower
carbides and nitrides. Particularly, the L'3-type hexagonal struc-
ture is typical of most non-stoichiometric lower carbides and
nitrides M>X, (M = V, Nb, Ta; X = C, N) with the exception of
V,N. In the unit cell of B-W-C, two tungsten atoms occupy the
positions 2(c) with coordinates (1/3 2/3 1/4) and (2/3 1/3 3/4) and
one carbon atom is randomly distributed between positions 2(a)
with coordinates (0 0 0) and (0 0 1/2). In other words, the
hexagonal B-W,C phase is disordered, and its carbon atoms
randomly occupy one-half of all octahedral interstitials in the
tungsten sublattice; hence, the probability of the occupation of
any octahedral interstitial is equal to 1/2. In the B-W,C structure,
along the ¢ axis, the A and B layers formed by metal atoms
alternate with the X layers formed by the non-metal lattice sites in
the ... AXBXAXBX ... sequence . The hexagonal -W,C phase has
a homogeneity region from WCy 34 to WCy s> and is stable in the
temperature range from 2670—2720 K to the melting temperature
at 3000—-3050 K. The unit cell parameters of the B-W,C phase
with the composition WCy s, were recorded® to be a = 0.2992,
¢=0.4722 nm and are somewhat larger, viz., a = 0.3002 and
¢ = 0.475-0.476 nm according to data from Ref. 19.

In the X-ray diffraction experiments, the modifications of
lower tungsten carbide, namely, B-W»C, p’-W,C, B”-W,C and
e-W,C, are virtually indistinguishable, because they have the same
hexagonal metal sublattice and the scattering power of tungsten
atoms is many times higher as compared with carbon atoms.
Indeed, according to calculations, the changes in the carbon atom
distribution in the W»C lattice are reflected in the X-ray diffrac-
tion spectrum only in the range of small angles (Fig. 3). The
intensities of (110)orthorhomb > (111)orthorhomb reflections typical of
orthorhombic carbide B'-W-C, (001)¢s reflections of carbide
B”-W>C with the C6-type structure and also (101), reflections
typical of &-W>C do not exceed 0.5% of the intensity of the
strongest reflection (101)./3 [or (101)¢s , (121)orthorhomb » (210)g of
the corresponding structure]. In other words, in a real X-ray
diffraction study, these reflections are well at the background level
and far below the experimental error of intensity measurements.

(210);
. (101),
(001), "
£-W,C (type &-F2N, space group P31m)
(100)ce
(001)ce
A

B"-W,C (type C6, space group P3ml)

Intensity (arb. units)

(021)orthorhomb + (002)orthorhomb
(100).3

B’—Wz(; (type L'3, space group P63/mmc)
20 25 30

(110)orthorhomb  (111)orthorhomb

B'-W,C (type &-F2N, space group Phcn)

20 /deg.

Figure 3. X-Ray diffraction patterns (Cu Ko, » radiation) of different
modifications of lower carbide W»C in the small angle 26 range for the
WCy.s0 composition, calculated without regard for atomic displace-
ments. 82!

1 Unit cell parameters of all phases discussed in this review were obtained
for quenched samples at room temperature.

The modification B'-W>C of lower tungsten carbide has the
rhombic symmetry, although its metal sublattice retains a hexa-
gonal closely packed structure similar to the structure of high-
temperature carbide B-W>C. The structure of orthorhombic
B'-W>C is not yet known with certainty, but can be assigned to
the PbO, type with the space group Pbcn (Déﬁ ). For this structure,
the atomic positions can be specified only in general, namely, the
carbon atoms occupy positions 4(c) with coordinates (0 y 1/4) and
the tungsten atoms are in positions 8(d) with coordinates (x y z).
Based on the comparison of experimental and theoretical posi-
tions of the reflections in the X-ray diffraction pattern, it was
concluded '® that lower carbide p’-W>C (B-W>C) has an ortho-
rhombic structure similar to the {-Fe,N-type structure of ordered
carbide Mo,C and pertains to the same space group Phcn.?
However, as was noted above, the hexagonal disordered, trigonal
and orthorhombic modifications of W,C with the same unit cell
parameters of the disordered phase are indistinguishable as
regards the positions of their X-ray reflections at 20 > 30°. In
the range of small angles 20 < 30°, in which the X-ray diffraction
spectra are slightly different (see Fig. 3), no reflections were
observed '8 and no attempts were undertaken to estimate their
possible intensities. Thus, the literature contains no experimental
structural data which would substantiate the detection of the
orthorhombic lower tungsten carbide B'-W>C. Moreover, the
authors of the study !'® incorrectly determined the coordinates of
tungsten atoms in the suggested structure of B’-W,C carbide [the
positions 8(d) occupied by tungsten atoms were claimed to have
the coordinates (3/8 ~3/8 ~1/2)].

The unit cell of orthorhombic carbide p’-W»C has the para-
meters a = 0.4728, b = 0.6009 and ¢ = 0.5193 nm.!® Our analysis
of the distribution of atoms in this unit cell, which is a derivative of
the hexagonal cell with the L'3-type structure has shown that
tungsten atoms occupy 8(d) positions with coordinates
(1/4 ~1/8 ~1/12) and carbon atoms are in 4(c) positions with
coordinates (0 ~3/8 1/4). As compared with the high-temper-
ature hexagonal phase B-W-C (Fig. 4 a), the B'-W>C phase with
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Figure 4. Distribution of carbon atoms in lower carbides B-W>C (a),
B'-W>C (b), B"-W1C (c) and &-W>C (d), which are ideal as regards both
their compositions and structures.

Planes formed by the non-metal sublattice sites are located normally to the
¢ axis of the basic disordered structure of the L'3-type; tungsten atoms are
not shown.?

(a) the L'3-type of B-W,C carbide with the random distribution of carbon
atoms and vacancies; (b) B'-W2C carbide of the Mo,C ({-Fe,N) type with
the ordered distribution of carbon atoms and vacancies in each plane of
the non-metal sublattice; (¢) B”-WC (a-W,C) carbide of the C6 type with
the ordered distribution of carbon atoms and vacancies in the alternating
vacant and carbon-atom-occupied planes of the non-metal sublattice;
(d) e-W»C carbide of the e-Fe>N type with alternating planes of the non-
metal sublattice, in which each vacancy is surrounded by six carbon atoms
or each carbon atom is surrounded by six vacancies; (/) positions of non-
metal interstitial atoms, which are randomly occupied by carbon atoms
with a probability of 1/2; (2) carbon atoms; (3) vacancies.
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the {-Fe;N-type structure (Fig. 4 ) is ordered with respect to the
non-metal sublattice. It is assumed that orthorhombic carbide
B,'WZC has the homogeneity region from WCo 34 to WCp 49 and
exists in an intermediate temperature interval from ~2370 K to
2670—-2750 K (see Fig. 1). The later studies failed to detect the
orthorhombic (space group Phcn) phase of p'-W-C.

The low-temperature phase B’-W>C (a-W->C) is ordered, but
the temperature range of its existence and its crystal structure are
not yet reliably determined. An electron-diffraction study 3* dealt
with lower tungsten carbide, which was synthesised by carburisa-
tion of a thin metal tungsten film in the carbon monoxide
atmosphere at ~1400 K for 5 min. The diffraction pattern of
this carbide revealed 74 reflections, which pointed to the ordering
of carbon atoms. Presumably, the B”-W,C phase has the C6 (anti-
Cdl)-type structure with the space group No. 164— P3m1 (D3,):
other possible ways of ordering were ignored. In the rhombohe-
dral (trigonal) structure of the C6 type, the layers of carbon atoms
regularly alternate with the layers of structural vacancies, being
oriented normally to the ¢ axis. The layers formed solely by carbon
atoms are located between the pairs of layers AB formed by
tungsten atoms, and the layers of vacant interstitials, i.e., struc-
tural vacancies, are located between the pairs of metal layers BA
(Fig. 4 ¢). Note that according to data,3* tungsten atoms occupy
virtually ideal positions in the lattice (z = 0.25), although the
spaces along the ¢ axis between the metal layers separated by the
layers of vacancies should be slightly shorter than the spaces
between the metal layers separated by a carbon-atom layer.

Thus, the ideal structure of B”-W,C (a-W>C) contains two
tungsten atoms in positions 2(d) with coordinates (1/3 2/3 1/4)
and (2/3 1/3 3/4), a carbon atom in position 1(a) with coordinates
(000) and a vacant site in position 1(b) with coordinates
(0 0 1/2). A comparison of the considered structure with that of
the high-temperature disordered phase B-W.C (see Fig. 4¢)
clearly shows that, as a result of ordering, the positions 2(a) one-
half of which are randomly occupied by carbon atoms are split
into positions 1(a) and 1(b), where the former are occupied by
carbon atoms and the latter remain vacant. At ~2300 K, the
homogeneity region of B’-W->C (a-W,C) phase extends from
WC.34 to WCos; a decrease in temperature is accompanied by
narrowing of this region and, finally, its disappearance at 1523 K
and a composition of WCy4s (see Fig. 1). The compositions
WCo41 and WCoso of the B”-W,C phase have the unit cell
parameters a = 0.2985, ¢=0.4717 and «a=0.3001, c¢=
0.4728 nm, respectively.!® If the temperature drops below
1523 K, lower carbide B”-W,C decomposes to give W and higher
carbide 3-WC (WC). Note that later publications provided no
information on the rhombohedral (trigonal) [P3ml (D%d)]
modification B”-W-,C of lower tungsten carbide with the C6-type
structure. It cannot be ruled out that the phases B'-W>C and
B”-W>C described in the literature are in fact the same phase
differing in the structures and the degrees of ordering of carbon
atoms and vacancies.

Insofar as the X-ray diffraction technique fails to accurately
determine the structure of W,C modifications, neutron diffraction
analysis was applied 2°~2? in the studies of lower tungsten carbide.
W,C was synthesised by sintering of a pressed powder mixture of
tungsten and carbon black (W:C = 2:1) at high temperature in
vacuum for 3 h; then, the samples were quenched from temper-
atures of 2670, 2570, 2470 and 2370 K by quick immersion into a
bath filled with liquid tin.>> According to X-ray diffraction data,
at 293 K all the samples synthesised had a hexagonal metal
sublattice with the parameters a = 0.2992 and ¢ = 0.4721 nm.
The diffraction spectra of W»C, which were obtained with the use
of a monochromatic neutron beam (4 = 0.1131 nm), revealed,
along with structural reflections, weak superstructural reflections
which indicated the ordering of carbon atoms and vacancies to
form a trigonal &-W>C phase which pertains to the e-FeoN
structural type. The unit cell parameters of the &-W,C phase
were found? to be a=a;3V3=05184 and ¢=cp3=
0.4721 nm.

Tungsten carbide samples with the composition
~WCo.43-045 synthesised by sintering of pressed mixtures of
tungsten and carbon black powders at 1920 K for 30-50 h
followed by their 10-min cooling to room temperature, were
studied.?® Neutron diffraction analysis has shown that carbon
atoms are ordered according to the e-Fe,N structural type (i.e., the
same type as that reported in Ref. 25). It was found that the e-W,C
phase has a trigonal structure and pertains to the No.162—
P31m (D},) space group; the unit cell parameters are as follows:
a = 0.5185 and ¢ = 0.4723 nm. In the ideal trigonal structure of
this carbide, all tungsten atoms occupy 6(k) positions with
coordinates (1/3 0 1/4) and carbon atoms occupy 1(a) positions
with coordinates ¢ (0 0 0) and 2(d) positions with coordinates
(1/3 2/3 1/2), while positions 1(b) (0 0 1/2) and 2(c) (1/3 2/3 0)
remain vacant. Figure 4 d illustrates the distribution of carbon
atoms and vacancies in the non-metal sublattice of ideal trigonal
(space group P31m) e-W,C carbide. However, the best agreement
between the experimental and theoretical neutron diffraction
patterns was achieved when the population of the positions in
the non-metal sublattice by carbon atoms was varied, and a small
number of these atoms occupied positions 2(c).

Neutron diffraction analysis (4 = 0.1225 nm) was also used 7
for studying the structure of WCo 45 carbide, which was synthes-
ised by the arc fusion of pellets pressed from a mixture of tungsten
and carbon powders followed by their quenching to room temper-
ature at a rate of 150 deg s—!. According to the data shown, the
studied carbide had the same trigonal (space group P31m) crystal
structure as in earlier studies;?>2° the unit cell parameters are
a = 0.5181, ¢ = 0.4722 nm. The best agreement with the exper-
imentally found intensities of reflections (as in Ref. 26) was
achieved with allowance made for the different population of
non-metal-sublattice sites with carbon atoms; with regard to their
population, the sample composition was WCp4>. The trigonal
structure (space group P31m) of the lower carbide e-W,C with
unit cell parameters a = 0.5190, ¢ = 0.4724 nm was also
revealed;?%-2° a small number of carbon atoms occupied positions
1(b) and 2(c), which remain completely vacant in an ideal structure
of the e-Fe>N type.

Thus, neutron diffraction studies?*~2° of lower tungsten
carbide samples, which were quenched from the arc fusion
temperature?’ and the temperatures of 2670-2370 K (see
Ref. 25) and 1920 K,?¢ revealed only a trigonal (space group
No. 162— P31m) ordered phase with the e-Fe;N-type structure.
In all the cases, the ordering degree did not reach its maximum.
The orthorhombic (space group Pbcn) B'-W,C phase with the
Mo,C-type structure and the rhombohedral (trigonal, space
group No. 164— P3m1) B”-W,C phase with the C6-type structure
were not found by the neutron diffraction analysis.

The temperatures of consecutive phase transformations

B-WoC === B'-W,C,
ﬁ/-WZC fr— B/I-ch

and eutectoid decomposition
B"-W>C —> W + 5-WC,

namely, ~2750, ~2410 and 1530 K, respectively, were deter-
mined '® using specially designed instruments.3> The high-temper-
ature differential thermal analysis (DTA) involved 33 a highly
sensitive optical (photodiodes and micropyrometer) system for
measuring the temperature and the temperature difference
between the working and reference samples AT. This system
allowed one to perform measurements up to 3900 K. With the
use of such instruments, the temperatures of phase transforma-
tions in hafnium, zirconium and titanium and also in lower
carbides of tantalum, molybdenum, and tungsten, i.e., Ta,C,
Mo,C and W,C, were determined.?® Figure 5a shows a DTA
curve, which confirms the presence of consecutive transforma-
tions of lower tungsten carbide.!® The authors only noted that all
the effects observed at temperature decrease were exothermic. The
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Figure 5. DTA curves of WCo.ag 049 (32.7 at.% of carbon) (a) and a
carbide containing 51.0 at.% of carbon (b).!8-2!

The measurements were carried out on a specially designed set-up (see
Ref. 35) which allowed measuring the absolute difference of temperatures
AT between the standard sample and the sample under study, which
depends on the initial experimental conditions; hence, the heat effect can
have the opposite sign as compared with the measurements carried out on
a standard DTA set-up (the arrows indicate the direction of temperature
change);

(1-35) see text.

small magnitude of thermal effects could be caused by the
incomplete transformation due to the too rapid cooling. With
allowance made for the results of neutron diffraction studies,> ~2°
it is more likely that the effects at ~2750 and 1530 K (positions /
and 3), which are observed in the DTA curve, correspond to the
transformation

B-ch — &-W,C
and the eutectoid decomposition
eW,oC —= W + 3-WC.

The y-WC, _, phase has a cubic [space group Fm3m (O})]
structure of the Bl type (NaCl) (Fig. 6), which is typical of all non-
stoichiometric carbides and nitrides MX, of Group IV and V
transition metals. The researchers who discovered 3932 this phase
considered it an additional high-temperature phase of lower
carbide W»>C. However, based on the theoretical possibility that
carbon atoms can occupy all octahedral interstitials in the fcc
sublattice of tungsten, it seems more reasonable to consider this
phase as a structural modification of higher tungsten carbide.
Cubic tungsten carbide was also obtained 3> as a result of the
electrospark treatment of tungsten foil, i.e., by generating electric
discharge between the foil and a graphite electrode. The existence
of cubic WC was confirmed.?? A phase of y-WC;_ (B-WC) with
the Bl-type cubic structure was revealed 3° in the products of the
plasmochemical synthesis of tungsten carbide; the synthesis was
carried out in the argon arc plasma from the tungsten and carbon
powders or a tungsten powder and methane. The synthesis with
methane gave a product containing from 74% to 96% cubic
WC,_, with particles measuring 2—16 nm. No data on the

Figure 6. The Bl-type (NaCl) structure of cubic carbide y-WCy _, .12
Non-metal sublattice sites are numbered. The first coordination sphere of
a tungsten atom in the unit cell centre is formed by sites 16 of the non-
metal sublattice located in the centres of cell faces; the third coordination
sphere is formed by sites 7— 14 of the same sublattice, which are located in
the cube corners. The second coordination sphere of the central tungsten
atom is formed by twelve metal atoms located in the middle of edges.

chemical composition of the obtained cubic phase y-WC;_.
were presented.3°

Superconducting transition temperature (7;) for cubic car-
bides MoC, WC and solid solutions NbC —MoC, NbC—-WC,
NbC—TaC, TaC—MoC, TaC—WC, MoC—WC with the Bl
structure were determined.”-38 Cubic tungsten carbide was syn-
thesised by rapid quenching from the molten state. According to
data from Ref. 37, the T, value is sufficiently high, namely, 10 K
for stoichiometric cubic carbide WC; o and 9 K for cubic WC gs.
Yet another sample, which, in addition to the cubic phase,
contained lower hexagonal tungsten carbide and a large amount
of free carbon, was shown to have 7. = 8.1 K. Assuming that, in
the first approximation, the unit cell parameter of cubic WC; _
and its temperature of the superconducting transition depend
linearly on the carbon content, then 7. = 8.1 K corresponds to
cubic carbide WCp71 072 with the unit cell parameter
ag; = 0.424 nm. Note that the temperatures of the transition
into the superconducting state of hexagonal carbides B-W>C and
8-WC are 3.6 and 0.3 K, respectively,?’ i.e., substantially lower
than those of the cubic phase y-WC, _.

It was noted 3 that the electrospark treatment of the molten
samples of tungsten carbide and certain WC-based hard alloys
produces cubic carbide y-WC;_,. A cumulative explosion of
tungsten, graphite and ammonium nitrate powders allowed the
synthesis of samples that contained up to 50 vol.% —70 vol.%
v-WC _ ;% the explosion conditions were equivalent to those of
steady-state sintering at the temperature of 2770—3270 K. Note
that in these studies 3%-4° cubic carbide y-WC; _ was designated
as B-WC;_..

According to the phase diagram of the W—C system (see
Fig. 1), the single-phase cubic carbide y-WC;_, exists in the
composition range of WCyss—WCpes at temperatures above
2790-2810 K. Moreover, y-WC; _, was found in the two-phase
regions (B-W>C + y-WC_,) and (y-WC, _, + 6-WC). The posi-
tion of the lower boundary of the homogeneity region of cubic
carbide y-WC, _ is independent of the temperature and corre-
sponds to the WCy_s9 composition;?? the upper boundary shifts to
higher carbon contents with the increase in the temperature and
can reach the stoichiometric composition WC; o9 (see Fig. 15). In
particular, at 3000 —3040 K, cubic carbide y-WC; _ has a homo-
geneity rtegion much wider than reported,!®2! namely,
WCp.s50—WCooz;at ~2800-2810 K, its eutectoid decomposition
to B-W»,C and 6-WC (WC) takes place.

Figure 5b shows DTA curves for cubic tungsten carbide
containing 51.0 at. % carbon. As is seen, its heating along curves
A upto ~ 3033 K without any exposure at the maximum temper-
ature failed to melt the sample; its subsequent cooling from 3033
to 1940 K revealed no heat effects. However, curve B measured
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after the sample was cooled upon its brief exposure at ~3270 K,
i.e., from its melt, demonstrates peaks corresponding to strong
exothermic heat effects at ~2990 and ~2790-2810 K (posi-
tions 4, 5). From the viewpoint of the authors,?! these effects
were caused by the following reversible transformations:

the eutectics formation

L == y-WC,_, + 5-WC,
and the eutectoid decomposition
v-WCi_y == B-W>C + §-WC.

According to the conditions under which curves 4 and B were
recorded, cubic carbide y-WC; _ is formed relatively easily from
the melt, but the direct solid-phase transformation

3-WC === y-WC,_,

is either hindered (for it to happen, the temperature should change
slowly near the transformation temperature 7irans) Or the temper-
ature range of its existence near the stoichiometric composition
WC is very narrow.

The phase equilibria in the W — C system were studied ?? in the
temperature interval from 2770 to 3100 K (see Fig. 1) with the
use of the X-ray diffraction method, chemical and metallographic
analyses and also of the DTA method. To determine the phase
composition, the samples heated to 2870 K (or higher) were
quenched by cooling to 1800 K in 20 s and lower to 1300 K in
40 s. Samples with the composition between W>C and WC were
quenched from 7 > 2800 K by their quick immersion into liquid
tin with the temperature of 600—650 K. High-temperature DTA
was carried out with the use of specially designed (see a patent of
Goton*!) instruments. The temperature interval used in study 2?
was narrower than that used by Rudy;!8—2! this is why those phase
transitions of lower carbide W»,C, which are associated with its
ordering, could not be detected at temperatures below 2750 K.

By and large, the results of independent studies '® 22 on the
determination of the temperature and concentration positions of
phase boundaries in the W—C system are almost identical. For
example, differences between the found phase-transformation
temperatures do not exceed 10 K, i.e., they lie within the exper-
imental error range. However, the region of existence of high-
temperature cubic monocarbide y-WC;_ in the phase diagram
was studied in more detail.>> Particularly, a thorough metallo-
graphic and X-ray study was carried out for samples quenched
from the temperatures above and below 2798 K (the DTA method
has shown that a reversible phase transformation takes place at
2798 K in samples containing from 35 at.% to 50 at.% of
carbon). Figure 7 illustrates the changes in the microstructures
of samples containing 40 at.% of carbon and quenched from 2778
and 2808 K. A sample quenched from 2778 K contained two
hexagonal phases W>C and WC (Fig. 7a). A sample quenched
from 2808 K also contained two phases 3-W>C and 5-WC but had
a different pearlite-like microstructure (Fig. 7 b), which appeared
as a result of the eutectoid decomposition of cubic carbide
v-WC, _, formed at T > 2798 K. Cubic carbide y-WC; _, can
be directly visualised in the microstructure of samples quenched
from higher temperatures (2988 —3023 K) in the solid state, and
also in the microstructures of samples quenched from the melt
from 30433063 K (Fig. 8). It was shown 22 that at 30303055 K
v-WC, _, has a wide homogeneity region, namely, from WCy s9 to
WCo_gg, 1.00 (SCC Fig. 1 b)

High temperature of the transition into the superconducting
state, namely, 10 K,37-3% confirms that the composition that
corresponds to the upper boundary of the homogeneity region of
v-WC, _, is stoichiometric, i.e., WCi . It is known **42 that,
among the cubic carbides of Group IV—VI transition metals,
stoichiometric carbides NbC, ¢ and TaC;y have the highest 7.
(10—12 K); however, T. quickly drops to ~4 K upon their
deviation from stoichiometry to NbCp o or TaCpg and 7, < 1 K
for NbCy g and TaCpgs. According to Willens and Buether,?” a

Figure 7. Microstructures of carbide samples with 60 at.% of W and
40 at.% of C quenched from 2778 (a) and 2808 K (b).?

(a) The sample contains hexagonal phases of B-W>C (light grains) and
8-WC (dark grains); (b) the sample contains additional phases f-W-C and
5-WC, but has a pearlite-type microstructure which has appeared at the
eutectoid decomposition of cubic y-WC,_, formed at 7> 2798 K (see
text).

Figure 8. Microstructures of samples with cubic carbide y-WC;_
obtained by quenching from the melt.??

(a) A sample with 45 at.% of C quenched from 3043 K contains inclusions
of hexagonal monocarbide 6-WC in the matrix of cubic y-WC;_;
(b) eutectic (B-WoC + v-WC;_,) microstructure of a sample with
36 at.% of carbon quenched from 3053 K. The sample surface is etched
with a 10% NaOH + 30% K3;Fe(CN)e mixture.




Phase equilibria in the W—C system and tungsten carbides

623

decrease in the carbon content in cubic tungsten carbide causes a
relatively smaller decrease in 7.

The wunit cell parameter of y-WC,_, -carbide is
ap ~ 0.427 nm;32  that for cubic carbid WCpg s
a = 0.4215 nm.?? Cubic tungsten carbide with an unknown com-
position was found to have the unit cell parameter of 0.4229 nm,3°
while almost stoichiometric cubic carbide was shown3° to have
a = 0.4248 nm. The unit cell parameters of cubic carbides WC, o,
WCps5 and WCo.7» were shown?3’ to be 0.4266, 0.4252 and
0.4240 nm, respectively. For cubic carbide WCqs,
a = 0.4220 nm was found;'*-?! the extrapolation of this value to
defect-free cubic carbide gave a = 0.4265 nm.*> The unit cell
parameter of cubic carbide y-WC, _ of the unknown composi-
tion was found to vary from 0.4222 to 0.4263 nm;** such a small
unit cell parameter of cubic carbide y-WC; _ could be caused by
oxygen impurity, because the sample was obtained in a cumulative
explosion in ammonium nitrate which contains oxygen. The best
agreement was observed for the unit cell parameter values found
for cubic carbide y-WCi_,=y-WC, (y=1—x)1921,37-39.43
(Fig. 9). These data are adequately described by a quadratic
function

ap) = 0.4015 + 0.0481 y—0.0236 y* (nm)

and unambiguously point to the increase in the unit cell parameter
of the y-WC; _ phase with the increase in the carbon content.**

Higher tungsten carbide 5-WC (WC) has a negligibly small
homogeneity region (or does not have it at all). Its hexagonal
[space group P6m?2 (D.,)] lattice pertains to its own structural type
By, (the WC type) with the unit cell parameters @« = 0.2906 and
¢ =0.2837 nm.”-%-10-19 [n this structure, tungsten atoms occupy
positions 1(a) with coordinates (0 0 0) and carbon atoms are
located in positions 1(d) with coordinates (1/3 2/3 1/2).#> Tung-
sten and carbon atoms in 3-WC (WC) form simple hexagonal
sublattices, in which carbon atoms are located in the centres of
trigonal prismatic interstitials of the tungsten sublattice (Fig. 10).
The results of simulations of the crystal and electronic structures
of hexagonal WC, which were performed #® by the pseudopoten-
tial local-orbital method confirmed the stability of this com-
pound; the estimated unit cell parameters a = 0.288 and
¢ = 0.281 nm well agree with experimental results.

A positron lifetime study found an experimental confirmation
for the stoichiometry of hexagonal monocarbide §-WC.47-48
Samples of powder and sintered WC and also samples of a hard
WC —Co alloy were studied. The positron lifetime spectra of WC
revealed the short-lived (tfree = 124 4+ 10 ps) and more long-lived
(tow = 175 £ 20 ps) components. The former corresponds to the
annihilation of positrons from the free state, the latter corre-
sponds to the capture and annihilation of positrons in the metal
vacancies the concentration of which is very low. No components

ag) /nm

0.426
0.425
0.424
0.423

0.422

0.7 0.8 09 y=1-x

Figure 9. Changes in the unit cell parameter ap of cubic carbide
v-WC_=v-WC, (y=1—x) with the Bl-type structure in its homoge-
neity region.**

(1-15) The data are taken from Refs 37, 38; 22; 19, 21; 39; 43, respectively.

Figure 10. Hexagonal structure of higher carbide 5-WC (WC).

that would correspond to the positron annihilation in the carbon-
sublattice vacancies were found. Upon the irradiation of 8-WC
with electrons with the energy of 1 MeV, the positron lifetime
spectrum contained only one component, namely, with a lifetime
of ~136 ps. It was shown 47 that this component corresponds to
the capture and annihilation of positrons in the carbon vacancies,
which have appeared upon the irradiation. Indeed, the kinetic
energy, which is imparted by the 1-MeV electrons to carbon and
tungsten atoms in the collisions, is higher than the displacement
threshold of the carbon atom from its position but lower than the
displacement threshold of the tungsten atom; hence, the vacancies
were induced only in the carbon sublattice of the carbide. Due to
the higher imparted energy, the irradiation of 8-WC with electrons
with the energy of 2.5 MeV resulted in the displacement of both
carbon and tungsten atoms and the appearance of vacancies in
both sublattices.*® A comparison of the experimental results 4748
with those obtained in the calculations of the positron lifetime by
the method of linear muffin-tin orbitals in the atomic sphere
approximation (LMTO-ASA) 4 in a model carbide WC with the
cubic Bl-type lattice demonstrated good agreement of calcula-
tions with experimental data for tow in a metal vacancy and a
noticeable deviation in the positron lifetime t4c in a carbon
vacancy. On the whole, the results*7-4® confirmed that, under
normal conditions, higher hexagonal carbide 3-WC is stoichio-
metric and has no carbon vacancies in its carbon sublattice.

Thus, among tungsten carbides, only higher hexagonal car-
bide 5-WC (WC) has virtually no homogeneity region, whereas
lower carbides W>C and cubic y-WC,_ have relatively wide
homogeneity regions. Table 1 gives information on the crystal
structures of the phases in the W — C system. It should be borne in
mind that the conclusions made in those studies in which the
structures of non-stoichiometric tungsten carbides were deter-
mined only based on the X-ray diffraction data are merely the
assumptions. Particularly, this concerns W>C, the non-metal
sublattice of which was assumed ordered with respect to both
atoms and vacancies. The structures of non-stoichiometric tung-
sten carbide compounds found by the neutron diffraction analysis
are more confident and reliable.

The main difference between the phase diagrams of the W—C
system proposed by Rudy ez al.,'” 2! on the one hand, and Sara,??
on the other hand, concerns the position and width of the
homogeneity region of cubic carbide y-WC; _.. The authors of
the former studies '°—2! were short of experimental results suffi-
cient to determine the position of this carbide in the phase diagram
and had to use the analogy with the Mo—C system studied
earlier.’%-3! Thus, having detected the B-MoC;_, (Mos;C, or
MoCy ¢7) phase with a narrow homogeneity region, they assumed
that the WC, _ phase in the W — C system has the same stoichio-
metric composition W3C, (WCpe7) and the equally narrow
homogeneity region.’

§Itis not by accidence that the paper by Rudy ez al.,'® in which the version
of the phase diagram of the W—C system presented in Fig. 1a was
published, was entitled ‘W —C System: supplemental information on the
Mo —C system’.
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Table 1. Crystal structure of phases that can exist (according to different authors) in the W —C system at 7' > 1300 K.

Phase Existence region Unit cell parameters /nm Space group Pearson  Lattice type and
(at.% of C) symbol symmetry
designations  designations in a b ¢
asin Fig. 1 other studies
(data from
Ref. 17)
w w 0-1.0 0.3165 Im3m (03) c2 A2 (W type), bec
B-W>C v-W>C (see?) ~25.5-34.0 0.3002 0.475—-0.476 (see®)  P63/mmc (DE,)  hP3 L'3 (W)C type),
hexagonal
B'-WLC B-W>C (see?) ~29.5-33.0 0.4728 0.6009 0.5193 (see®) Pben (DA} - PbO; or Mo,C
(-FeaN) type,
orthorhombic
B"-W>C o-W>C (see?) ~29.5-32.5 0.2985 (see ) 0.4717 (seed) P3ml (D3,) hP3 C6 (anti-CdlI, type),
0.3001 (see®) 0.4728 (see®) rhombohedral
&-W>C (seef) ~29.5-33.0 0.5184 0.4721 (see’) P3ml (D}, - e-FeoN type,
(at T ~ 2500 K) trigonal
v-WC_, a-WCj_, (see®) ~37.0-39.5(see?) 0.4265 (seeh) Fm3m (03) cF8 Bl (NaCl type),
B-WC (seel) ~37.1-50.0 (seed) 0.4252 (see¥) cubic
3-WC WC (see®) ~50 0.2906 0.2837 (see ) P6m2 (D) hP2 B, (WC type),
a-WC (seed) hexagonal
C C 100 0.142 0.339 P63/mme (DY) hP4 A9 (C, graphite),
hexagonal

Note. In the study,'” the phase diagram of the W —C system takes into account the structural data,'®~22 34 some of which were not confirmed later;
trigonal (space group P31m) e-WC phase the existence of which was reliably confirmed 25-2 is not shown in the phase diagram of the W —C system (see
Ref. 17). Here and in Table 2, the y-WC, _ . phase is identical to the y-WC,. (y = 1 —x) phase.

aRefs 18, 21; P Ref. 19; ¢ Ref. 18; 4 Ref. 19 for WC.41; € Ref. 19 for WCo s0; "Ref. 25; & Ref. 21; M Ref. 43 for WCo; Refs 22, 36; Ref. 22; kK Ref. 31 for

WCoss.

At the same time, it follows from the study by Sara 22 that the
homogeneity region of cubic y-WC; _ is much wider than that
given in Refs. 19—-21 and reaches the WC, o composition, which
agrees with the results of later studies (see Refs 32,36—39).
However, for a cubic carbide of the stoichiometric composition
WC, 0, the phase diagram (see Fig. 1 )22 contains no temper-
ature region of its existence, while the region of the existence of the
v-WC, _ has such boundaries at (1 —x) — 1 that the temperature
decrease merely from 3058 to 3028 K causes the following
consecutive transformations in the WC; ¢ composition: first, a
peritectic transformation and then a peritectoid one. This is highly
improbable. Moreover, the line of phase equilibrium 7—2-3 (see
Fig. 1b) is shown incorrectly in the cited study, namely, from a
horizontal that corresponds to the non-variant eutectic process

L —= B-W.C + v-WC, _,,

this line gradually transforms into a monovariant curve, which is
physically impossible and incorrect from the viewpoint of ther-
modynamics. The phase equilibrium shown could be possible if
point 2 was a singular point, i.e., a kink point. However, this in
turn, would have led to the narrowing of the temperature interval
of the existence of a two-phase region L + y-WC, _ and to the
shift of its lower boundary to higher temperatures, which contra-
dicts the DTA results.?? If a cubic carbide with the stoichiometric
composition WC; o had at least a narrow temperature range of
stability and the two consecutive phase transitions were somewhat
shifted in the composition with respect to one another, then the
noted inaccuracies and contradictions could be eliminated and the
total body of experimental results could be taken into account.

Figure 11 shows the phase diagram of the W—C system,
which was constructed ** with allowance made for the presence
of the temperature interval of existence of cubic carbide WC, o
and also for experimental results '8-22.32.36-39 and the results of
new structural and magnetic-susceptibility studies of tungsten
carbides synthesised in our studies. It is evident that, in the
temperature range of 3058 —2993 K, in the vicinity of the WCj ¢
composition, a decrease in temperature results first in the peri-
tectic formation of cubic tungsten carbide from the melt

L+C == y-WC,_,,

and then in the transformation of cubic monocarbide into the
hexagonal modification

¥-WC_y =—= 5-WC.

The temperature of the eutectoid decomposition

y=C/W
T/K 0.2 04 06 08 1.0 15
T T T T T T
3500
L L L+C
W+L e
WCs sk
205 15 3058+ 10 L ‘ 305845
3000 1 - |
000 B-W>C | _~+s 2993+ 5
W+ B-W>,C 5798 K
2wk T Ww.Ctowc| OWE
~ o B-W2C +5-
2657K
2500
W+e-W,C
eW2l -l o woC+swe | s-we+C
2000
1523K
1500 F
W+5-WC
Il Il Il Il Il
0 10 20 30 40 50 C(at.%)

Figure 11. Phase diagram of the W—C (y-WC;_,=y-WC,) system *
with corrected positions of phase boundaries in the region of lower
tungsten carbide W>C. Corrections were introduces according to the
neutron diffraction results 2> ~2 (see text).
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Table 2. Special points in the phase diagram of the W — C system (Fig. 11) at a temperature above 1300 K (according to Ref. 44 with corrections made in

the region of the existence of lower tungsten carbide W,C).

Reaction Composition of phases involved in the reaction T /K Reaction type

(at.% of C)
L=W 0 0 — 37555 melting
L=p-W,C ~30.6 ~30.6 - 3058+ 10 congruent melting
L+C=y-WC,_, ~42.0 100.0 50.0 3058 £5 peritectics
L=W + B-W,C ~23.5 ~1.2 ~25.5 2988+ 5 eutectics
L=B-W,C + y-WC,_ ~37.0 ~343 ~37.8 3028+5 "
v-WC—x=8-WC ~49.3 ~49.3 - 3008+ 5 polymorphic transformation
v-WC_=38-WC + C 50.0 ~49.8 100.0 2993 £5 eutectoid decomposition
v-WC_ =B-W,C + 5-WC ~38.2 ~34.0 ~49.5 2798+ 5 the same
B-WoC=W + &-W>C ~28.6 ~0.7 ~29.7 2673 £ 10 "
B-W2C=¢-W,C ~31.6 ~31.6 — 2728 £ 10 disorder —order transformation
B-W2C=g-W,C + §-WC ~33.5 ~32.8 ~49.8 2657+ 10 eutectoid decomposition
e-W,,C=W + 5-WC ~32.6 0 50.0 152345 the same

Y-WC_y == 5-WC + C,

equal to 2993 K (see Fig. 11) was found from the results of
DTA 2! for a sample with 51 at.% carbon. This value was assigned
to the temperature of the eutectic 2!

L — B-W,C + v-WC_,.

However, even according to the phase diagram version pro-
posed,?! such a carbide composition falls beyond a region where
this phase equilibrium is permitted. Therefore, this temperature
cannot be the temperature of the eutectic. Although the temper-
ature interval of the equilibrium existence of y-WC;_, (see
Fig. 11) is small, the cubic carbide of the stoichiometric compo-
sition WCj g can at least be quenched from the melt, which agrees
with the experimental results.37-38

The phase diagram W —C published in study ** contains the
following corrections in the positions of phase boundaries in the
lower tungsten carbide W,C region, which were introduced with
allowance made for the neutron diffraction results:>>~2° the
e-W,C phase is shown in place of phases p'-W-C and p”-W,C,
the existence of which is not confirmed experimentally. These
corrections are reflected in Fig. 11. The special points in the phase
diagram of this system at temperatures above 1300 K are
described in Table 2.

I11. Phase equilibria in the W — Co — C system

The wide application of high-strength hard alloys formed in the
pseudobinary system WC—Co brought about the investigations
of the phase equilibria in the ternary system W —Co—C.
Information on the phases in the W — Co — C system which was
obtained before 1952 is generalised in a review,’?> where new
diffraction, metallographic and DTA studies of this system were
carried out. In addition, the liquidus surface projection, the total
isothermal cross-section at 1673 K and the pseudobinary ¢ vs. T
diagrams along the cross-sections C—Co43Ws7 and WC —Co were
constructed, in which the stable and metastable phase equilibria
were specified. In the pseudobinary cross-section WC,—Co
(16 mass % of Co), the effect of the carbon content on the phase
equilibria and structure of alloys was studied.>? The results of the
metallographic and diffraction studies of the M¢C-type cubic
n-carbides, which are formed in the W—Co—C system, were
discussed.>* Particularly, m-carbide Co,W4C with a cubic cell
parameter, which varied from 1.107 to 1.125 nm depending on the
carbon content, was revealed; two total isothermal cross-sections
of the W—Co—C system were constructed at temperatures 1273
and 1673 K. The stability of n-carbides of the M¢C type in the
W —Co-C system was also considered by other authors>> who
showed additional isothermal cross-sections in this system at 1373

and 1573 K. The experimental studies of phase equilibria in the
W-Co-C system at 1423 K were supplemented by thermody-
namic calculations.>¢

According to the results of numerous studies, the system
W-—Co-C forms several ternary compounds, viz., cubic [space
group Fd3m (0,71)] n-carbides CooW4C (see Ref. 54) and CosW,C
(see Ref. 57) of the M¢C type and also two hexagonal [space group
P63/mmc (Dé,,)] CoW:;C carbides with the CosWoCy (see Ref. 58)
and CogW20C5 structures.” Note that the Co3WoCy structure has
two types of metal sublattice interstitials, in which carbon atoms
are located as follows: in the unit cell, two carbon atoms of eight
are located in the centre of trigonal prisms formed by six tungsten
atoms, while the remaining six carbon atoms are in the centres of
octahedra formed of five tungsten and one cobalt atoms.
A comprehensive study of these carbides showed that all of them
can exhibit a noticeable carbon deficiency, i.e., they are non-
stoichiometric; hence, their compositions should be written with
allowance made for the possible non-stoichiometry, namely,
Co,W4C,, CosW>C, and CoWsC,. Carbides Co,W4C, and
Co4W>C, are often united into a single phase Co3W3C,.. It is
evident that here we have a pseudobinary solid solution between
Co,W4C, and Co4W,C, . For the case of deficient carbon content,
this variable-composition phase corresponds to the ~CosWesC,
carbide in the phase diagram.

The results of the aforementioned studies are taken into
account in a comprehensive survey,® which is devoted to the
thermodynamic properties and phase equilibria in the W—Co—-C
system; moreover, the author of this survey carried out calcula-
tions to refine the phase equilibria by means of the CALPHAD
method (see Ref. 61) using the approximations and models
described elsewhere.%> Figure 12 shows a series of isothermal
cross-sections of the ternary system W—Co—C at 2073, 1773,
1698, 1673, 1548 and 1443 K, which were constructed based on
these calculations and are shown in a handbook.? All isothermal
cross-sections contain carbide of the ~ CosWeC composition and
a solid solution Co3W3C, [in the survey cited (Ref. 60), they
appear as M2C and MgC, respectively]. In the isothermal cross-
section at 1273 K, the solid solution Co3W3C, is absent but a
n-carbide CooW4C appears.®® As is seen, the ternary compounds
are formed where the carbon content in an alloy is lower than the
tungsten content. Note that the isothermal cross-section of the
W-Co-C system at 1273 K ignores the existence of the hexa-
gonal intermetallic phase CosW, which stabilises at 7' < 1350 K
and decomposes via the peritectoid reaction at ~ 1360 K.

Figure 13 shows a section of the ternary system W —Co — C cut
along the WC—Co plane. This section contains two- and three-
phase regions. In this system, the liquid phase appears at
1560—1593 K. According to the survey cited (Ref. 60), the
maximum solubility of WC in solid cobalt does not exceed
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Figure 12. Isothermal cross-sections of the ternary W —Co —C system at 2073 (a), 1773 (b), 1698 (¢), 1673 (d), 1548 (e) and 1443 K (f).%3
The concentrations are shown in at. %, the triple point position corresponds to the results of thermodynamic calculations;*® (1) CogWsC,, (2) CosW3C, .
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Figure 13. Section of the ternary W-Co-C system cut along the
WC-Co plane.®0

6.7 mol.% (or 19.3 mass %); as the temperature decreases to
1270 K, the solubility does not exceed 3 mol.% (~9 mass %).
According to the earlier data (see Ref. 7, vol. 1, p. 262), the
maximum solubility of WC in cobalt reaches 22 mass %. A solid
solution of WC in cobalt Co(WC) is formed as a result of the
diffusion dissolution and appears when the sintering temperature
of the WC—Co system reaches 1420—1570 K. A part of cobalt

which does not belong to the solid solution composition passes
into the liquid phase that wets the carbide grains.

IV. Electronic structures of tungsten carbides

The band structures of hexagonal and cubic carbides W»C and
WC were calculated.*®- %4~ The electronic structure of hexagonal
carbide WC was calculated ¢ by a non-self-consistent method of
augmented plane waves (APW). A more correct investigation of
the band structure in the bulk and on the surface of hexagonal
carbide WC was performed by a self-consistent linear method of
augmented plane waves (LAPW).%°

Figure 14a shows the calculated curve of the density of
electronic states for hexagonal WC. The Fermi level is located
near the curve minimum, and the density of electronic states on
this level is relatively low, viz., approximately 0.34 eV—!
(~4.6 Ry—") per unit cell. The Fermi surface of hexagonal WC
has small hole and electron ‘pockets’ in the vicinity of Kand L sites
of the Brillouin zone.%3

The electronic structure of hexagonal WC was calculated 4¢ by
the pseudopotential local-orbital method. Figure 14 5 shows the
resulting curves of the density of electronic states [it is the density
of spin states Ngp(E) that was calculated; to make the comparison
easier, the figure shows the density of electronic states
N(E) = 2Np(E) in place of the density of spin states]. It is evident
that the calculated 4¢3 density-of-states curves of hexagonal WC
are in adequate agreement with one another, viz., the Fermi level is
located in a distinct density-of-states minimum and the quantity
N(Eg) is ~0.3 eV~ per unit cell. Presumably,4%- %3 it is the small
density of electronic states on the Fermi level that determines the
high stability of this carbide. The low temperature of the WC
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Figure 14. Curves of the total density of electronic states N(E) for
hexagonal (space group P6m2) tungsten monocarbide.

(a) LAPW calculations;® (b) calculations by the pseudopotential local-
orbital method.4¢

transition into the superconducting state [~ 1.3 K (see Ref. 69)]
was also associated 4 with the low N(EF).

The linear method of muffin-tin orbitals in the atomic sphere
approximation (LMTO-ASA) used for calculation °® of the den-
sities of states not only for higher hexagonal tungsten carbide, but
also for cubic (B1-type structure) monocarbide WC [as was shown
above (see Section II), to date, non-stoichiometric cubic carbide
WC, with y < 0.82 is experimentally detected, although the upper
boundary of the homogeneity region of cubic tungsten carbide
approaches WC o]. Figure 15 shows the calculated curves of the
density of states N(E).
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Figure 15. Curves of density of electronic states N(E) of tungsten carbides
in the LMTO-ASA approximation.®®
(a) Hexagonal monocarbide WC (space group P6m?2), (b) cubic mono-
carbide WC (space group Fm3m, Bl-type structure), (c) lower hexagonal
carbide W»C (space group P63/mmc).

The curves of the density of electronic states N(E) for
hexagonal WC, which are shown in Figs 14 and 15 a, differ, first
of all, in the Fermi level position. According to calculations,®® the
Fermi level of this carbide is located in a band formed largely by
the 5d states of tungsten, and N(Eg) = 0.78 eV~! per unit cell
(10.6 Ry—1), i.e., almost twice greater than it follows from other
calculations.*>% Note that in their later publication,®” the
authors of a study % showed a different density-of-states curve
of hexagonal WC, which is closer to those calculated in the
studies 4% %5 and has the Fermi level in a different position near
the N(E) minimum and also a lower N(EF) value.

The curve of the density of electronic states for cubic WC
(Fig. 15b) is on the whole similar to the corresponding curves of
cubic carbides of other transition metals MC (M = Ti, Zr, Nb, Ta)
and contains a low-energy 2s(C) band with small contributions of
s, p and d states of tungsten, a ground-state valence-binding band
formed due to the hybridisation of 2p(C) and 5d(W) states and a
high-energy band largely formed by the 5d(W) states with an
admixture of 6s(W) states. As compared with the N(E) curve of
TaC carbide (a typical non-stoichiometric carbide, the closest to
WOQ), the 2s(C) and 2p(C)—5d(W) bands of the cubic tungsten
carbide are somewhat broadened due to the smaller WC unit cell
parameter.

The band structure of W,C is intermediate between the band
structure of bce metallic tungsten and hexagonal WC. The main
difference in the density-of-states curves of hexagonal W,C
(Fig. 15¢) and hexagonal and cubic monocarbides (see
Fig. 15a,b)is that W,C has narrower bands; hence, the hybridised
valence-binding and metal 5d(W) bands have the density of states
much higher as compared with monocarbides WC. The density of
electronic states at the Fermi level is also higher for W»C as
compared with higher hexagonal and cubic WC, namely, the
N(EF) values calculated % per unit cells of hexagonal and cubic
WC and also for lower hexagonal carbide W,C are 0.78, 0.86 and
2.17 eV—1(10.6, 11.7 and 29.5 Ry 1), respectively.

Based on the results of band structure calculations, the unit
cell parameters, the compression bulk modulus B (also conven-
tionally designated as K) and the Debye temperature 0p were
calculated for these carbides. The modulus of elasticity of hexa-
gonal WC is 655 GPa (6.55 Mbar), which substantially exceeds
that of lower carbide W>C (490 GPa).®® For hexagonal WC, the
same authors showed a different calculated value of modulus of
elasticity equal to 699 GPa (Ref. 67). The B values are 60% —70%
higher than the value 413 GPa (4.13 Mbar) found for the same
carbide.*® The lowest bulk compression modulus equal to
375 GPa, was obtained % for cubic WC; the unit cell parameter
ap) was calculated to be 7.98 a.u. (0.422 nm). The small modulus
of elasticity of this carbide is associated with its metastable state,
because the energy of valence electrons in cubic WC is higher than
that in hexagonal carbide by ~12.2 €V (~0.9 Ry).> 66,68

As noted above, the measurements of the positron lifetime
allowed the vacancies to be revealed in the carbon and metal
sublattices of irradiated hexagonal carbide WC.#” Taking into
account this experimental result, an attempt was undertaken 7° to
elucidate how the metal and carbon vacancies affect the WC band
structure. The calculations were performed using a self-consistent
ab initio total potential method (LMTO-TP). The simulations of
stoichiometric and defective carbides involved the use of a super-
cell formed by eight tungsten-sublattice and eight carbon-sub-
lattice sites which are occupied according to the stoichiometries
WgCg (WC), W8C7 (WCO,375) and W7C8 (W0,375C). Figure 16
shows the calculated7® total density of electronic states for
tungsten carbides. According to earlier calculations,*6-63-68 the
valence band of the hexagonal stoichiometric monocarbide con-
sists of two subbands separated by a forbidden gap. The lower
subband A4 is largely formed by states 2s(C), while the subband B
of a larger energy is formed by states 2p(C)—5d(W), i.e., is
hybridised. The Fermi level [Er = 25.3 eV, N(EF) = 0.23 eV !
per unit cell] is located near the minimum of the density-of-states
curve (Fig. 16 a). Upon the introduction of a carbon vacancy, a
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Figure 16. The effect of vacancies on the total density of electronic states
N(E) of hexagonal tungsten carbide according to LMTO-TP calcula-
tions.”0

(a) Stoichiometric carbide WC, (b) carbide WCy g75 (WgC7) with carbon
vacancies, (¢) carbide Wy s75C (W7Cg) with vacancies in the tungsten
sublattice.

vacancy peak C appears a little higher than the Fermi level, the
density of states on the Fermi level N(EF) increases up to
0.61 eV~ per unit cell and the band B acquires its fine structure
(Fig. 16 b). The presence of a vacancy in the tungsten sublattice
also results in both the appearance in the Fermi level vicinity of a
small vacancy peak and the increase in N(Eg) up to 0.69 eV —! per
unit cell (Fig. 16 ¢). The introduction of a carbon or a tungsten
vacancy reduces Er to 25.0 and 22.0 eV, respectively. The calcu-
lated 70 distribution of electronic density in the spheres of the
tungsten and carbon vacancies and the charges of these vacancies
(qoc = 0.67e, gqgw = 0.51e) are in qualitative agreement with the
positron lifetime in these vacancies:*’ the charge of a carbon
vacancy is higher, hence, the positron lifetime in it is shorter as
compared with the vacancy in the tungsten sublattice (tqc = 136
and tow = 175 ps, respectively).

According to the results of calculations,*6-64-68.70 the band
structure of studied tungsten carbides is basically the same, viz., it
contains three main bands, namely, the low-energy 2s(C) band,
the ground-state hybridised valence binding band 2p(C)—5d(W)
and the high-energy band formed largely by the 5d states of
tungsten.

V. Methods of synthesis of tungsten carbides and
WC - Co alloys with different grain sizes

Polycrystalline metal carbides are usually synthesised by the
powder metallurgy methods, which are described in detail in
monographs.>#  Different synthetic methods are also
described.”! =73 The most popular methods are those that involve
the direct synthesis from a metal and carbon or from the
compounds containing the metal (for example, metal oxides or
chlorides) and carbon (e.g., a hydrocarbon or CO).

A conventional method of the synthesis of hexagonal carbide
WC involves heating of tungstic acid (H,WQO4) or ammonium
tungstate (NH4)2WOy4 in a mixture of hydrogen and methane at
1020-1270 K. When tungstic acid is used, the metal is completely

reduced even before the carburisation. The carbothermal reduc-
tion of WOs3 by carbon in the inert or reductive atmosphere
proceeds in a similar way. Tungsten carbide synthesised by
carbothermal reduction usually contains traces of oxygen and
oxycarbides; therefore, synthesis of a pure substance requires that
the latter be additionally annealed at a temperature not lower than
1800 K.

The purest hexagonal WC samples are synthesised by the
solid-phase vacuum sintering of metallic tungsten and carbon (gas
black) at a temperature not lower than 1400 K. Hexagonal
carbide W-C is synthesised by the solid-phase vacuum sintering
of tungsten and carbon powders at 850—900 K. However, the
solid-state carburisation at this low temperature proceeds only in
the presence of hydrogen or a gaseous hydrocarbon; moreover,
the final product contains a relatively high amount of free carbon.
Synthesis of a single-phase WC powder with the grain size of
5—6 pm from the metallic tungsten powder in a mixture of
hydrogen with methane has been described;’* at 23002500 K
and a gas mixture with <2 vol.% of methane, WC with the free
carbon content <0.1 mass % could be obtained. High temper-
ature (up to ~2400 K) is required in those cases where the solid-
state sintering is carried out in vacuum, although the carburisation
starts at 1400 K.

Tungsten carbides can also be synthesised using the following
methods: deposition from the gas phase in the reaction of W(CO)s
or tungsten chloride with a mixture of a hydrocarbon and hydro-
gen, thermal decomposition of various precursors,’”® self-propa-
gating high-temperature synthesis and mechanochemical
synthesis.”® For example,”” a mixture of carbon (black) and
tungsten powder with the grain size of up to 10 pm was ground
in a cam-type mill; during the grinding, the average load in the ball
impact zone was 108—10° Pa and the quantity of mechanical
energy absorbed by the powder during the grinding reached
30 kJ g=!. As a result of such treatment, lower hexagonal
tungsten carbide was obtained. Mechanosynthesis of carbides
from elementary tungsten and carbon in a planetary ball mill
with the use of an inert copper matrix was described;’® according
to authors’ estimates, the average size of W»>C and WC particles
formed did not exceed 0.5 pm.

We have already mentioned that hexagonal carbide WC is not
the hardest and most refractory among carbides. Its melting point
(~3060 K) is lower as compared with TiC, ZrC, HfC, NbC and
TaC, and its hardness at 300 K (according to different sources,
from 18 to 22 GPa) is lower as compared with non-stoichiometric
carbides TiC,, ZrC,, HfC,, VC,, NbC,, TaC, at the same
temperature.>* However, the hardness of WC is sufficiently
stable, e.g., as a result of carbide heating from 300 to 1300 K,
the microhardness Hy of hexagonal WC decreased from ~ 18 to
~12 GPa,” whereas Hy of carbides of other metals decreased
under the same conditions from their maximum values to
3-8 GPa (Fig. 17). The increase in temperature from 300 to
1100 K is accompanied by a more pronounced decrease (approx-
imately three-fold) in the WC hardness; however, the hardness of
other carbides undergoes a still sharper decrease (approximately
five-fold) in the same temperature range.3° The sharp decrease in
the WC hardness with the increase in the temperature follows
from the experimental results,®! which, nonetheless, substantially
differ from those given by other authors 7?30 (the same study 3!
also shows the hardness value for vanadium monocarbide at
~900-1500 K, which is lower as compared with that found in
other literature sources). Apparently, the value of WC hardness
measured in the study cited (Ref. 81) is severely underestimated.
Moreover, note that, as compared with other carbides, WC has a
modulus of elasticity higher by a factor of 1.5—-2 [~700 GPa (see
Ref. 82)] and a thermal expansion coefficient lower by a factor of
1.5[(5-6) x 106 K~ (see Ref. 82)].

The mentioned properties of WC and their temperature
stability during the heating up to 900—1000 K determined its
application as the basis of wear-resistant hard alloys that are used
in metal-working and drilling operations. The direct use of WC for
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Figure 17. The effect of temperature on the Vickers hardness of hexagonal
WC and carbides of transition metals.”

For comparison, the known Hv(7T) dependences of monocarbide WC
(1)8% and (2)®! are shown (see text).

these purposes is impossible because of its brittleness and sintering
only at very high temperatures. Hence, for a given carbide to be
applied in practice, it should be imparted certain viscosity without
sacrifice in its hardness. This is achieved by using a metal binder
together with WC that provides the plasticity of the composite
material and, at the same time, has sufficiently high strength,
melting point and impact elasticity.

The choice of a metal for the binder is restricted by the
following conditions: this should withstand carburisation and in
its molten state should adequately wet the carbide to be modified.
Moreover, it is necessary that the carbide and the binding metal be
soluble in each other. This provides their strong adhesion. For the
case of WC, it is cobalt that best satisfies the mentioned require-
ments; that is why the first hard alloys that have found wide use in
the industry were synthesised in the WC—Co system.

1. Hard alloys WC-Co

According to the phase diagram of the ternary W —Co—C system
(see Fig. 12), at the low carbon content, the ternary compounds of
the m-carbide type or the solid solution CozW3C, based on
n-carbides CosW>C and Co,W4C can be formed. With further
decrease in the carbon content, in the Co3W3C, solid solution, the
triple phase diagram shows the appearance of a carbide with the
approximate composition of CosWeC,. The mentioned ternary
compounds and solid solutions exhibit enhanced brittleness;
hence, in the synthesis of hard alloys, those compositions are
used that lie in the WC— Co cross-section region where no ternary
compounds can be formed. In commercial WC—Co alloys, the
cobalt content varies from 4 to 18 mass % depending on their
application.

The most important traditional operation in the technology of
hard alloys is sintering of an item pressed from a powder mixture
with an addition of a plasticiser 8384 at 1600— 1800 K. During the
sintering of a WC—Co alloy, a certain amount of liquid phase,
namely, molten cobalt, is formed. The wetting angle of WC with
cobalt is zero, i.e., molten cobalt completely wets the tungsten
carbide grains and partly dissolves them; they crystallise upon

4] For the brief analysis of the data published from 1918 to 1923 on the
development of hard alloys based on tungsten carbide in which such
metals as Fe, Ni and Co were used as the binder, see a review.!> The author
of this review, K Schriiter, in 1925 patented the alloys WC-M (M = Co,
Ni, Fe) in the USA with the priority from 1923. Later, similar alloys were
developed in Sweden, Austria and other countries. In Russia, hard alloys
based on tungsten carbide were manufactured under a trademark
‘pobedit’.

subsequent cooling. In the sintering of a hard alloy, the following
temperature intervals are considered:

— at470-670 K, the plasticiser is removed;

— at 670—970 K, the admixtures of tungsten and cobalt
oxides are reduced;

— at 1050-1400 K, individual carbide grains are welded
together in their contact points;

— at 1400—1570 K, a solid solution of tungsten carbide in
cobalt is formed, the sample shrinks and all cobalt passes to the
luquid phase;

— at 1550—-1670 K, due to the migration of carbide grains in
the liquid phase, the sample acquires its final compact shape;

— the temperature increase up to 1770—1800 K is accompa-
nied by additional dissolution of the WC grains in cobalt, on the
one hand, and the growth of carbide grains due to the recrystal-
lisation via the liquid phase, on the other hand; simultaneously,
complete degassing of the alloy occurs;

— during cooling after the exposure at the maximum sintering
temperature, the dissolved tungsten carbide deposits from the
liquid phase onto the surface of carbide grains, which results in
their growth.

In the ideal case, the sintered WC—Co alloy is two-phase,
containing only WC grains and the metal binder between them. At
a deficit or an excess of carbon, the alloy becomes three-phase and
contains additionally either an n-phase of CozW3C, (at carbon
deficit) or graphite inclusions (at carbon excess). The graphite
inclusions as well as the presence of very coarse (several times
larger than the average size) WC grains substantially reduce the
alloy service life.®>

The average size of carbide phase grains increases noticeably
upon sintering as compared with the grains in the original WC
powder. Fine-grain alloys exhibit better performance and the use
of fine-grain mixtures for the sintering allows higher quality alloys
to be obtained. All other conditions being equal, the grain size in
an alloy decreases with the decrease in the cobalt content due to
the decrease in the liquid phase content and the deceleration of the
grain growth by recrystallisation via the liquid phase; the grain size
also decreases at a low content of carbon, which, however, results
in the appearance of the brittle n-phase. Deceleration of the
growth of carbide-phase grains in WC—Co alloys is achieved by
their doping with other carbides. The most efficient dopant in this
respect is vanadium carbide. Upon introduction of only
0.3 mass % of vanadium carbide, the average grain size of the
carbide phase in fine-grain alloys is ~ 1 um. To obtain fine-grain
alloys, it is standard practice to include the long-term (up to 48 h)
grinding of WC and Co powders in ethanol at the stage of mixture
preparation.8¢

Over the past 20 years, the methods of synthesis of various
substances and materials in the nanocrystalline state have been
actively developed. In this state, the size of particles (grains,
crystallites) does not exceed 40 nm.87 %% Substances with particles
measuring 40—-100 nm are called submicrocrystalline.8°~°!
Monographs 8790 describe different methods of the synthesis of
nanocrystalline powders and compact nanomaterials, the pecu-
liarities of their microstructures, the methods of certification of
nanomaterials, the effect of the particle (grain) size on the physical
properties of substances. The manifestations of nanoscale effects
in the structure and properties of metals, compounds and materi-
als were reviewed.”> %3

2. Nanostructured hard alloys

The most promising way to increase the production of nano-
structured alloys with the reduced sintering temperature and the
enhanced (due to the superfine-grain structure) hardness,
strength, fracture toughness (crack-resistance) is to use nano-
and submicrocrystalline carbides as the components of these
alloys.?* %5 The decrease in the WC particle size even in the micron
scale is accompanied by a noticeable increase in the wear resist-
ance of WC—Co alloys, as well as the increase in their hardness
and the compression and bending strength (Table 3, Fig. 18).97-98



630

A S Kurlov, A I Gusev

Table 3. The effect of the WC grain size on certain properties of hard alloys WC—Co.%¢

Alloy composi- Grain size Rockwell Density Bending Compression Modulus of Relative wear
tion (mass %) /um hardness HRA /g cm~—3 strength /MPa  strength /MPa elasticity /GPa  resistance (%)
97WC-3Co 1-2 92.5-93.2 15.3 1590 5860 641 100
94WC-6Co 0.5-1.0 92.5-93.1 15.0 1790 5930 614 100
94WC-6Co 1-2 91.7-92.2 15.0 2000 5450 648 58
94WC-6Co 2-5 90.5-91.5 15.0 2210 5170 641 25
90WC-10Co 0.5-1.0 90.7-91.3 14.6 3100 5170 620 22
90WC-10Co 2-5 87.4-88.2 14.5 2760 4000 552 7
Hv |GPa Obend /MPa 105 w /cm3 m—! substances.®’” The characteristics of the powders synthesised
o1 depend on the starting materials, the process of synthesis and the
40 > 2 = 4000 14.0 reactor type. The particles obtained in plasmochemical reactions
a3 represent single crystals, have regular shapes and the sizes from 10
30 - <3000 430 to 100—200 nm (and higher).
The plasmochemical synthesis is characterised by high rates of
20 - 12000 190 formation and condensation of substances, its efficiency is suffi-
ciently high. The major disadvantages of this method are as
follows: the wide size distribution of particles and, as a conse-
10 1 7 1000 710 quence, the presence of sufficiently coarse (up to 1-5 pm)
particles, which means that the selectivity of the process is low,
0 ‘ ‘ ‘ 0 -0 as well as high content of impurities in the resulting powder. To
0.5 1.0 1.5 D /um

Figure 18. (/) Bending strength opend, (2) wear rate (wear resistance) w
and (3) hardness Hy as a function of the grain size D of the carbide phase of
hard alloys WC -6 mass % Co.%

The only exclusion known is the decrease in the bending strength
of WC—6 mass % Co alloys with the decrease in the grain size
(see Table 3). The results of other studies demonstrate that the
mechanical properties always improve with the transition from
coarse-grain to fine-grain WC—Co alloys. For example, upon
sintering of WC—15 mass % Co nanopowders with the average
particle size of 970, 490 and 30 nm at 1690 K the resulting alloys
with the average grain size of 1350, 950 and 620 nm exhibited
hardness of 13.8, 14.7 and 17.0 Gpa, respectively.®* A hard alloy
WC-10 mass % of Co with the carbide phase of superfine
structure (the WC grain size is smaller than 0.5 pm) exhibits
microhardness of 19.3 GPa and a bending strength of 3890 MPa,
whereas the same characteristics of a similar alloy with the grain
size of 0.5-1.0 pm are 17.8 GPa and 3780 MPa.?® Hard alloys
WC-6 mass % Co manufactured by ‘Krupp Widia GmbH’,
which contain carbide-phase grains measuring 1.4—1.8, 0.8—0.9
and 0.5—0.6 pm, exhibit the bending strength of 2000, 3000 and
3800 MPa, the hardness of 15.8, 18.0 and 20.4 GPa, the abrasive
wear resistance of 1.26%, 2.08% and 2.78%, respectively.
A similar improvement in the mechanical properties with the
decrease in the carbide-phase grain size was observed for hard
alloys with larger (up to 15 mass %) cobalt content. The strength
characteristics of conventional (with micron-scale grains) hard
alloys based on WC are discussed in a monograph.®>
Plasmochemical synthesis is among the most widely used
chemical methods for obtaining fine-grain powders of nitrides
and carbides.!%- 191 The main conditions for the production of
fine-grain powders by this method are as follows: the reaction
should proceed far from its equilibrium and the new-phase
nucleation rate should be high as compared with the nuclei growth
rate. Under real conditions of the plasmochemical synthesis,
nanoparticles are produced upon fast cooling of the plasma flow
in which the gas phase is condensed; this reduces the sizes of the
particles formed and suppresses their coalescence upon collisions.
The plasmochemical synthesis of carbides makes use of the low-
temperature (3000—8000 K) hydrocarbon and argon plasma of
the arc, glow, high-frequency and microwave discharges; elements
and their halides and other compounds are used as the starting

date, fine-grain powders of titanium, niobium, tantalum and
tungsten carbides have been synthesised by the plasmochemical
method.$7-101-104 For instance, the synthesis of a submicrocrys-
talline WC powder with a specific surface area of 15 m? g~ 'and a
particle size not exceeding 300 nm,* which was conducted in an
argon —hydrogen plasma from methane and tungsten hexafluor-
ide, was reported.!%4

Synthesis of fine-grain tungsten carbide powders with the use
of an arc plasmatron is described.!®3 The plasmochemical syn-
thesis produced a substance of the W — C— O system with a definite
carbon-to-oxygen ratio, while the synthesis of the single-phase
carbide as such was carried out in a tube furnace by the reduction
of this product with hydrogen and CO. The specific surface area of
synthesised WC varied from 5—-6 to 50 m? g—!. To produce the
WC-Co furnace mixture, a cobalt powder with a specific surface
area of 8—10 m? g~ !, which was synthesised by plasmochemical
reduction of the oxide, was used. Sintering of the furnace mixture
involved its hot pressing at 1370—1670 K and 10—50 MPa. The
WC grain size in the samples sintered in the solid phase was
~100 nm.

A design of an electro-arc plasmatron for the plasmochemical
synthesis (hydrogen plasma with the temperature of 3000—
4000 K) of nanorystalline powders of refractory compounds
including tungsten carbide with the particle sizes from 10 to
100 nm was reported.!06

Low-temperature gas-phase synthesis of WC nanopowders is
described.!07-198 A two-step process was originally proposed 107
which included reduction of tungsten (its nanopowder) from
tungstic acid salts, i.e., the reductive decomposition of the
precursor, followed by carburisation of tungsten in a CO-con-
taining gas mixture. The synthesis produced a WC powder with
the average grain size of 8§ nm when conducted at 900—-950 K and
metastable lower carbide W»C with particle measuring 13—19 nm
when conducted at 600—800 K. A more straightforward one-step
synthesis of the nanocrystalline WC carbide powder was
described:'%® an H,/CO gas mixture (2:1 or 1:1 molar ratios)
was passed through ammonium tungstate or tungsten oxide
powder at 800—1000 K; this directly led to the formation of
nanocrystalline WC with particles <10 nm. One important

+ Note that WC has a density p = 15.6 g cm—3; hence, the average particle
size (diameter) in a powder of the total specific surface area
Ssp = 15m? g ! should be D = 6/pSs, ~ 30 nm, i.e., 10 times smaller
than reported.!%4
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parameter of the single-step synthesis is the heating rate, which
should provide the kinetic balance between the reduction and
carburisation reactions. The heating rate of 2deg min—! is close
to the optimum; moreover, heating even up to 1000 K resulted
merely in a minor coarsening of WC particles as compared with
heating to 800 K.

Mechanochemical synthesis in an cam-type mill produced
hexagonal W,C with the average particle size of 10 nm from a
powder mixture of tungsten with the average particle size of up to
10 pm and carbon.”’

To preserve the positive effect achieved due to the use of
nanocrystalline powders for the production of hard alloys, the
WC particles should retain small sizes during their sintering. In
our studies,'?~ ! we used the X-ray diffraction and magnetic
susceptibility measurements to follow the changes in the thermal
stability of a WC nanopowder that was obtained by the plasmo-
chemical synthesis from WO3 and propane at ~3300—-3800 K in
hydrogen plasma with the additional annealing in argon atmos-
phere at 1100—1300 K. The average particle size in the nano-
powder was 50— 55 nm. According to our studies, the particles in
this powder retained the stable size when annealed in the temper-
ature range from 300 to 1200 K, while the relaxation of micro-
stresses in them began at ~600 K and ended at ~900 K.

The fine-grain structure of hard WC—Co alloys synthesised
from WC powders is determined not only by the small size of the
furnace mixture particles, but also by the way their sintering
proceeds. Upon formation of the liquid phase, first, the smallest
particles and, then, medium size particles pass to the melt, while
coarser particles survive. Insofar as most nanoparticles are of the
medium size, the number of crystallisation centres in the alloy will
be sufficiently high. In the recrystallisation, tungsten carbide
deposits on the surface of non-dissolved WC particles. Due to
the excessive surface energy of small particles, they acquire a
thicker layer of deposited tungsten carbide as compared with
coarse particles. As a result, the size of carbide-phase particles
levels off. In an ordinary hard alloy, the number of crystallisation
centres is substantially smaller than in an alloy synthesised from
the WC nanopowder; hence, a nanocrystalline alloy would have a
more fine-grain and uniform structure as compared with an
ordinary alloy. However, it should be borne in mind that the
growth of grains in nanocrystalline compositions WC—Co can
occur at ~ 1070 K,''2 i.e., below the eutectic temperature of the
W —Co—C system, which is equal to ~1600 K (nanopowders of
WC-15 mass % Co with the average particle size of 30 nm were
studied;!!? the liquid phase appeared at ~ 1420 K during sinter-
ing). This means that, during the liquid-phase sintering of
WC-Co nanopowders, the initial growth of carbide-phase grains
occurs in the range of solid-phase sintering temperatures, whereas
the subsequent liquid-phase sintering only leads to the coarsening
of WC grains.!!3

Also note that the most compact (non-porous) alloys can be
obtained provided the furnace mixture is not monodisperse,
because obviously the total volume of a sample cannot be filled
without voids with unisized particles. More compact packing is
achieved due to the presence of different-sized particles in the
furnace mixture, where the finer particles occupy the voids
between the coarser particles. Analysis of the three-dimensional
packing of spherical particles has shown!!* that a very high degree
of the free space filling (~0.9) can be reached for their bimodal
size distribution where, along with medium-size particles (D) that
have the maximum share, the fraction of particles with a diameter
~0.1D is fairly high. In other words, the size-distribution curve of
the particles should possess two maxima, the first of which
(abundance) corresponds to the particles with the medium size
D, while the second corresponds to the particles with the size
~0.1D.

Analysis of the literature data has shown that nanocrystalline
or submicrocrystalline tungsten carbide can be synthesised by
different methods. However, for the production of nanostruc-
tured hard alloys WC—Co, it is better that not only tungsten

carbide, but the whole composition mixture WC—Co be in the
nanocrystalline state. Such a mixture can be obtained by thermo-
lysis of various precursors.” Particularly, heating can induce the
following decomposition reactions resulting in the formation of
WC and metallic cobalt:

(NH4)s[H2Co2W1104]R —> WC + Co,
[CoEn]sWO4 —> WC + Co,

where R and En are alkyl and ethylenediamine, respectively.

Modern technologies of the production of nanocomposite
mixtures WC — Co include several consecutive operations, namely,
deposition from colloid solutions, cryogenic sputtering and dry-
ing, carbothemal reduction. Thus an efficient method for the
production of nanocrystalline compositions of tungsten carbide
and cobalt for manufacturing hard alloys is based on the co-
deposition of WC and Co precursors from colloid solutions. !5 116
According to this method, colloid solutions of tungsten and cobalt
salts {e.g., (NH4)6[H2W12040] '4H20, COClz . CO(NO3)2,
Co(CH3COOQ),} are dried by sputtering, then the obtained pow-
der is subjected to the low-temperature carbothermal reduction in
the fluidised bed and thus retains its high-dispersion state. This
technology was patented ''7 as the ‘Spray Conversion Process
(SCP)’. Insofar as the synthesis starts in the solution, the compo-
nents (W and Co) are mixed on the molecular level, which favours
the formations of an amorphous carburised powder.

The grain growth can be inhibited and the WC solubility in
cobalt can be suppressed by adding up to 1 mass % of non-
stoichiometric vanadium carbide to the mixture. The alloy
obtained from this nanocrystalline composition demonstrates
the optimum combination of high hardness and high strength;
for example, its Vickers hardness reached 21.5 GPa, whereas the
maximum hardness of an alloy with the same composition, which
was obtained from a conventional WC powder, did not exceed
19.5 GPa.!13>~118 The increase in the hardness and the decrease in
WC grain size correlate with the increase in the vanadium carbide
content in the alloy. Figure 19 illustrates the size distribution of
grains in a sample of the WC -6 mass % Co alloy obtained from a
nanocomposite mixture prepared by the deposition method
described above and containing 0.83 mass % of vanadium car-
bide, and in a sintered sample of a conventional alloy
WC-6 mass % Co containing 0.32 mass % of VC. As is seen,
the average size of WC grains in the alloy synthesised from the

Number of grains
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Figure 19. Size distribution of grains in WC—6 mass % Co alloy sam-
ples.!1?

(I) Alloy sintered from a nanocomposite mixture of WC, Co and
0.83 mass % of VC, which was obtained by the co-deposition from colloid
solution followed by drying and carbothermal reduction; the sample
contained 1000 grains; (2) conventional fine-grain  alloys
WC-6 mass % Co with 0.32 mass % of VC; the studied sample con-
tained 948 grains.
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amorphous nanocomposite powder is 250 nm, whereas an ordi-
nary alloy has the grains almost twice larger (450 nm).

It was shown '1%-120 that each nanocomposite WC —Co par-
ticle with a size of ~75 pm consists of several millions of nano-
crystalline WC grains measuring <50 nm, which are distributed
throughout the cobalt matrix (Fig. 20). Sintering of a nano-
composite tungsten carbide mixture with 6.8 mass % of Co and
1 mass % of vanadium carbide produced the alloys which con-
tained 60% of the WC grains measuring < 250 nm and 20%
measuring < 170 nm. A structure with still finer grains was
obtained for an alloy which, in addition to tungsten carbide,
contained 9.4 mass % of Co, 0.8 mass% of Cr3;C, and
0.4 mass % of VC,.. Upon its sintering at 1670 K, 60% of the
tungsten carbide grains were < 140 nm and 20% were < 80 nm.
A comparison of the nanoalloy with ordinary polycrystalline
alloys of equal hardness have shown,!?° that the crack resistance
of the nanoalloy is higher by a factor of 1.2— 1.4 as compared with
ordinary coarse-grain alloy.

The described nanocrystalline WC—Co composite powder
with the carbide grain size of 20—40 nm is manufactured on the
commercial scale in the USA as NANOCARB™. For the
deposition of protective coatings by the thermal sputtering
method, the nanocomposite multimodal (containing several frac-

5 nm
—

Figure 20. Distribution of WC grains in coarse particles of the amorphous
nanocomposite mixture WC—6 mass % Co with 0.83 mass % of VC,
which was obtained by the deposition from a colloid solution followed
by drying and carbothermal reduction.!'!9- 120

(1) A particle of a composite powder WC—Co measuring 75 um, (2)
particle fragments after grinding of the powder, (3) a polycrystalline
cluster formed by WC grains in a cobalt matrix, (4) a WC grain measuring
30 nm.

tions of carbide grains, viz., from 8§ to 50 nm) WC—Co powder
NANOMYTE™ was used.

Synthesis of a one-phase nanocrystalline WC powder by
grinding tungsten and carbon in a ball mill at room temperature
for 2.95 x 10° s is described;'?! the increase in the grinding time to
4.32x 10° s afforded a nanopowder with the average grain size
<5 nm. Then different amounts of cobalt were added to the WC
nanopowder, and grinding was continued for 2.6 x 10° s. The
resulting nanocomposite mixtures WC—Co contained different
amounts of cobalt, and the particles with the average size <5 nm
represented WC covered with a cobalt layer. Its pressing and hot
sintering produced an alloy, which contained the carbide phase
grains with the average size of ~100 nm. The hardness and the
elasticity modulus of the alloys, which contained from 5 mass %
to 12 mass% of Co varied in the ranges of 20-12 and
740580 GPa, respectively.

It was already mentioned that the initial and the most active
growth of carbide phase grains occurs in the sintering of WC—Co
nanopowders in the temperature range of solid-state sintering. To
decelerate the growth of grains in this region, it was proposed 22
to synthesise the nanostructured hard alloys WC—Co in an
electric arc discharge. In this case, the stage of compacting of the
nanopowder mixture is combined with its fast sintering and
subsequent cooling of the sintered sample. The heating and
cooling rates in this method are sufficiently high to avoid the
sintering in the solid state and prevent the grain growth during the
cooling. Thus a hard alloy was obtained '?? from a nanopowder of
tungsten carbide containing 10 mass % of Co prepared by the
SCP technology (see Refs 115—117) and had, on average, 50-nm
coherent-scattering regions (according to X-ray diffraction data)
or the average particle size of 200 nm (according to the data from
scanning electron microscopy). The compacting pressure reached
300 MPa. When a current pulse was passed for several micro-
seconds through a sample with the mass of 2.5 g, the energy
(3 kJ g~ ") was liberated, which led to sintering. As a result, a hard
alloy was obtained that had a density equal to 95% of its
theoretical value and contained only WC and a fcc solid solution
of tungsten carbide in cobalt. The average grain size in the carbide
phase of this alloy was 120 nm according to data from electron
microscopy; the measured modulus of elasticity was 550 GPa.!??

A hard alloy WC—Co synthesised from a tungsten carbide
powder with 30—50-nm particles '?* had a more uniform fine-
grain structure and exhibited higher hardness and strength as
compared with common hard alloys of the same composition. It
was mentioned that the introduction of 3 mass % —5 mass % of
tungsten carbide nanopowder to the standard furnace mixture
containing coarse (1 —4 pm) WC grains levels off the deviations in
the hardness and strength of the resulting WC—Co alloy, i.e.,
stabilises the hard-alloy properties.

A virtually ideal version of mechanochemial synthesis, which
is coupled with the synthesis of a nanocomposite mixture, was
described.'?* A mixture of coarse (~75 pm) tungsten, graphite
and cobalt powders was ground in an argon-filled ball mill for
100 h; the resulting nanocomposite WC — Co mixture contained
cobalt and tungsten-carbide grains with the average diameter of
11—-12 nm. In the hard alloy, which was obtained by cold pressing
of the mixture followed by its sintering at 1310 K, most WC grain
had a size <200 nm, i.e., were several times smaller as compared
with conventional alloys of the same composition. The sintered
hard-alloy samples demonstrated the hardness of ~18 GPa and
the relative density equal to 80% of the theoretical value. The
possibility of sintering of a nanocomposite WC—Co powder
mixture at lower temperatures as compared with coarse-grain
mixtures is determined by the lower melting point of nanocrystal-
line cobalt as compared with coarse-grain cobalt.

Bearing in mind that even a small amount of non-stoichio-
metric vanadium carbide inhibits the growth of the carbide phase
grains during the sintering, it was proposed '?° to synthesise
VsC; + WC powder mixtures in the first stage of the synthesis of
WC-VC-Co alloys. Joint grinding of WC and VgC; powders
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with an addition of 0.5 mass % of Co for 48 h followed by their
3-h exposure at 1470 K to form their mixed (V,W)C carbide
produced a mixture with the average particle size of 1.4 pm. Joint
grinding of vanadium oxide, tungsten carbide and carbon was also
carried out, which was followed by the carburisation of the
resulting mixture at ~ 1470 K in the H»/Ar atmosphere. In this
case, the obtained powder had the particles with the average size of
1.8 pm.

The synthetic methods, the structure and mechanical proper-
ties of fine-grain hard alloys based on tungsten carbides were
discussed briefly in a review.'?® Studies devoted to the micro-
structure, hardness and fracture toughness of hard WC-Co
alloys 1?7 have shown that the hardness increases with a decrease
in the thickness of the metal binder layer. It was also noted that the
hardness measurements carried out at low loads or using a
nanoindenter overestimate its value by ~2 GPa. The effects of
the microstructure and the grain size of alloys WC—6 mass % of
Co on their hardness in the temperature range from 80 to 1170 K
was studied.!”® The examined alloys had the mictostructure
typical of ordinary hard WC—Co alloys (Fig. 21). Figure 22
illustrates the changes in the hardness Hy of alloys with the
average grain size of 0.6, 1.4 and 3.6 um as a function of the
temperature. It is evident that the alloys with a fine-grain structure
are harder throughout this temperature range.

Figure 21. A typical microstructure of hard alloys WC—6 mass % Co
with the average size of carbide phase grains of 0.6 (a), 1.4 (b) and 3.6 pm
(¢).128
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Figure 22. The effect of temperature of the Vickers hardness of
WC-6 mass % Co alloys with the average size of carbide phase grains
of 1.4 (1), 0.6 (2) and 3.6 um (3).'23

The measurements were performed under a load of 6 kg.

Recently, nanopowders of the WC — Co system came into use
for synthesising nanocomposites that contain a diamond
phase.!?%- 130 A nanopowder WC —15 mass % of Co with tung-
sten carbide grains measuring 100 nm on average was pressed into
samples of 8-mm diameter under a pressure of 100 and
300 MPa.'?° The samples were first heated to 1170 K in a hydro-
gen atmosphere to remove the oxide film and then sintered in
vacuum at 1270—1470 K with 30-min exposure at the maximum
sintering temperature. By varying the sintering time at the lowest
temperature used, one could control the size and the arrangement
of pores in the sample. Then, the samples were kept for 3 h at
1170 K ina flow of H, + CHg4 gas mixture to infiltrate the gas into
the pores, after which they were simultaneously subjected to
impact of high temperatures and pressures in order to reduce
methane to carbon and transform carbon (graphite) into the
diamond phase. The resulting superhard nanocomposite material
contained ~45 vol.% of the diamond phase.'?® The diamond
phase content in the synthesised nanocomposite seems to be
significantly overrated.

A somewhat different method for the synthesis of WC—Co—
diamond nanocomposites was proposed.!3® The initial mixture
represented a powder mixture of WC with 15 mass % of Co; the
average size of WC particles was 100 nm. The samples compacted
under a pressure of 200 MPa were heated to 870 K in a hydrogen
atmosphere to remove the oxide film and then sintered in vacuum
at 1370 K for 30 min. The resulting porous samples with the 70%
relative density were subjected to electrochemical etching in an
aqueous NaC4HsOg solution. After the etching, the samples were
washed with water, dried and then saturated with a gas mixture
H, + CHy4, which contained 15% of methane. The infiltration of
the gas into pores was carried out at 1170 K for 4 h. Then
hydrostatic pressure of 8 GPa was applied at 1770 K to decom-
pose methane in a catalytic reaction

CHy —> C + 2H,,

deposit carbon on the pore walls and transform it from the
graphite state into the diamond state and also to condense the
samples. The hardness of samples near their edges reached
32 + 3 GPa, which was five times higher than in the bulk.

Thus, nowadays, there are different methods for the synthesis
of nano- or submicrocrystalline tungsten carbides, WC—-Co
composite nanopowders and nanostructured hard WC-Co
alloys. The available data suggest (see Table 3, Fig. 18) that the
decrease in the size of carbide grains in hard WC—-Co alloys is
accompanied by noticeable increase in the abrasive wear resist-
ance (by a factor of 2—3). Indeed, when drilling the printed circuit
boards, the drills made of ultradispersed hard alloys prove to be
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2 -3 times more stable as compared with those made of standard
alloys.!?¢ Therefore, it is reasonable to use the hard alloys with
untradispersed and nanocrystalline structures, which combine the
enhanced wear resistance, strength and fracture toughness, in
those operations that require high wear resistance. However, it
deserves mentioning that for ordinary alloys the same and even
greater effect of the increase in the wear resistance can be achieved
by the deposition of a wear-resistant coating.!3! This should be
taken into account when assessing the economic profits associated
with the use of nanostructured hard alloys.

VI. Conclusion

Hexagonal tungsten carbide is the most extensively used among all
carbides of Group IV—VI transition metals. Originally, in the
W -C system, only two hexagonal carbides W>C, (B-W>C) and
WC (8-WC) were known, which despite their similar symmetry
differ significantly, namely, lower carbide W>C, has a noticeable
homogeneity region WCo 34— WCy 50, while hexagonal monocar-
bide 3-WC can have only the stoichiometric composition and
contains no vacancies in the carbon sublattice. The non-stoichio-
metry of a disordered lower carbide W>C, , which is at equilibrium
from 2700 K up to the melting point, is a prerequisite for its
ordering with respect to both atoms and vacancies at lower
temperatures. According to the neutron diffraction analysis,
with decrease in the temperature, the following disorder—order
transformation takes place in B-W»C carbide:

B-W,C === &W,C.

The earlier concepts on the two consecutive transformations, viz.,
the disorder—order transformation to form the orthorhombic
B’-W,C phase of the PbO, type

ﬁ-WzC fr— ﬁ/-ch

and the order—disorder transformation to form the trigonal
B”-W,C phase of the C6 type

B-W>C === B"-W>C

were not confirmed by the neutron diffraction analysis of the W,C
structure.

One peculiarity of lower tungsten carbide is that at 1523 K it
undergoes the eutectoid decomposition to give tungsten and
5-WC and thus does not exist at lower temperatures. In the
1960s, an additional compound highly non-stoichiometric with
respect to carbon, namely, cubic carbide y-WC, _ , was discovered
in the W—C system. The region of the existence of equilibrium of
this carbide is very wide with respect to composition (from
WCys58-0.59 to WCi 00) and very narrow with respect to temper-
ature (from ~ 3060 to ~2990—-3020 K); however, due to quench-
ing from high temperature, it can be preserved in the metastable
state at 300 K. The temperature of the equilibrium transformation

v-WCi_y —== 3-WC

is 3000-3010 K; however, the temperature of the non-equili-
brium transformation of the quenched cubic carbide y-WC; _ to
give hexagonal 6-WC, which occurs on heating, is still unknown.

Studies on the W—C system are also important from the
practical viewpoint, because tungsten carbide is used in the
production of hard alloys applied in the metal working and
drilling. The traditional basis for such alloys is hexagonal stoi-
chiometric carbide WC (3-WC); to date, no attempts were under-
taken to use cubic carbide y-WC;, of the stoichiometric
composition or non-stoichiometric cubic carbide y-WC;_ for
these purposes. The cubic structure of tungsten carbide can
apparently be stabilised by the addition of other cubic carbides,
for example, VC,,. The use of cubic tungsten carbide with VC,
additives as the basis for hard alloys can also provide the thermal
stability of the carbide phase and the fine-grain structure of the
alloy.

Yet another direction in the application of tungsten carbide,
which was actively developed in the past 20 years, concerns the
nanostructured hard alloys. In the systems W —C and W—C—-Co,
the nanostructured carbides or nanocomposites of the WC—Co
and WC-Co-diamond types were obtained. Their synthesis
became possible due to the use of new and, as a rule, combined
synthetic methods and non-traditional procedures such as co-
deposition of tungsten and cobalt from colloid solutions, thermal
decomposition of precursors, plasmochemical reduction, mecha-
nosynthesis, etc. The particle sizes in nanocomposites can be very
low (10—40 nm); however, the problem of the conservation of the
small particles during sintering of a hard alloy is not yet solved
completely. Nonetheless, the microstructure of newly developed
ultradispersed hard alloys contains carbide-phase grains with the
average size of 100—250 nm, which provides the noticeable
increase in their hardness, wear resistance and other performance
characteristics. The introduction of small amounts of vanadium
carbide favours the retention of small-sized grains in nanostruc-
tured hard alloys.

On the whole, the studies of tungsten carbides and the related
phase equilibria in both the W—C system and more complex
systems containing tungsten carbides contribute to the develop-
ment of fundamental concepts on the nature of refractory com-
pounds of transition metals and serve as the basis for their wide
application in the future.

This review has been written with the financial support of the
Russian Foundation for Basic Research (Project No. 06-03-
32047a).
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