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Abstract—The plasma-chemical synthesis of tungsten carbides from multicomponent oxide-containing con-
centrates is studied. The existing technologies for a high-temperature action of plasma flows on mineral raw
materials are analyzed. The processes of extractive metallurgy in the processing of mineral ores are investi-
gated. The experimental dependences of the synthesized amount of tungsten carbides on the plasma flow
temperature Tp, action time τ, the charge particle size, the degree of mechanical activation, the amount of
introduced graphite, and the type of concentrate are considered. The dependences of the amount of tungsten
carbides synthesized from a scheelite concentrate and calcium tungstate on the fraction of tungsten trioxide
WO3 contained in them under the same synthesis conditions are compared. The results of spectral and scan-
ning electron microscopy of the plasma-chemical synthesis products and a nanocrystalline tungsten carbide
powder are considered. The prospects of plasma-chemical synthesis of tungsten carbides from multicompo-
nent oxide-containing concentrates are considered.
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INTRODUCTION
The production of refractory tungsten-based com-

pounds includes complex high-energy hydrometallur-
gical operations (at the stage of beneficiation of raw
materials) and multistage operations during synthesis
[1–3]. In addition, the demand for tungsten carbides
for the national economy remains high, and the mar-
ket environment is unstable and demanding on eco-
nomic resources. The demand for refractory metal
carbides in Russia remains at a fairly high level due to
the lack of the necessary capacities for their produc-
tion. The traditional methods for producing tungsten
carbides involve the preparation of raw materials,
which is accompanied by significant discharges of
chemically active reagents necessary for the decompo-
sition and conversion of the chemical compounds of
minerals [4, 5].

Plasma-chemical synthesis of compounds is an
advanced trend for research [1, 6]. The development
of such technologies has been carried out for a long
time in those areas of industry where high purity of the
end product and special physical properties (crystal
formation, hardness, refractoriness, particle disper-
sion, etc.) are required, for example, in the nuclear
industry or aircraft industry [1]. Tungsten-containing
raw materials are difficult to concentrate [7], and the
preparation of compounds is carried out using com-

plex vacuum equipment and prolonged high-tempera-
ture heating in special-purpose furnaces [2, 8, 9].

For the Far Eastern region, the development of
new methods for processing, enrichment, and pro-
duction of refractory tungsten-based compounds is a
challenging problem due to the geological and geo-
graphical location of natural sources of tungsten-con-
taining mineral raw materials.

The aim of this work is to develop a method for
producing refractory metal carbides from multicom-
ponent tungsten-containing mineral raw materials by
plasma-chemical synthesis.

For a more correct estimation of the dependences
to be obtained, we used a raw material with a low tung-
sten content, namely, scheelite concentrate
(Lermontov GOK) in which the content of the main
tungsten oxide varies in the range 14.7–55.4 wt %, and
a raw material with a high tungsten content, namely,
calcium tungstate with a tungsten oxide content in the
range 69.3–77.98 wt %.

EXPERIMENTAL

The plasma synthesis of tungsten carbides from
multicomponent mineral raw materials in a low-tem-
perature plasma flow includes the following main
870
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Table 1. Component contents in the concentrate, wt %

Scheelite concentrate

SiO2 Al2O3 Fe2O3 FeO MnO CaO MgO Na2O K2O

7.96 0.78 5.29 0.72 0.02 19.8 2.45 0.18 0.17

P2O5 As TiO2 WO3 SO3 H2O– H2O+ CO2 –

4.9 0.45 0.25 55.4 0.1 0.68 1.56 0.43 –

Calcium tungstate

SiO2 Al2O3 Fe2O3 FeO MnO CaO MgO Na2O SiO2

5.1 0.02 2.01 0.1 0.01 7.74 1.01 0.15 5.1

K2O P2O5 WO3 SO3 H2O– H2O+ CO2 K2O –

0.04 3.26 77.98 0.1 0.68 1.56 0.43 0.04 –

Table 2. Ratio of the components in the concentrate, wt %

Components Ratio of components, wt %

Concentrate 90 85 80 75 70 65
Graphite 10 15 20 25 30 35
stages: mixture preparation, heating/cooling, and syn-
thesis.

In preparing a mixture, i.e., a charge, we used mul-
ticomponent mineral concentrates and a carbon-con-
taining material (carburizing/reducing agent). For
experiments, a scheelite concentrate and calcium
tungstate were selected as raw materials and graphite
was used as a carbon source. The concentrates used in
experiments were selected due to the following causes:
availability and abundance in the region (Far Eastern
region), demand for the resulting compounds (tung-
sten carbides), and the content of the main metal
oxide.

Note that the type of carbon source is not crucial
(charcoal, soot, paraffin, etc.) to form chemical bonds
with carbon, since a material and a concentrate during
plasma synthesis undergo melting, dispersion, evapo-
ration, and thermal decomposition.

The compositions of the scheelite concentrate and
the calcium tungstate are given in Table 1.

Because of a nonuniform content of tungsten triox-
ide WO3 in the concentrates, we solved the problem of
determining the optimum experimental conditions for
synthesizing tungsten carbides. The amount of carbon
in the resulting mixture was determined analytically
and experimentally (Table 2).

In addition to changing the carbon-to-concentrate
ratio in the charge composition, mechanical activation
was carried out using a centrifugal mill to smooth the
mixture composition. The particle size in the charge
ranged from 0.05 to 1 mm (1-mm particles are the
charge particles that have not undergone mechanical
activation).

A charge was fed into the heating zone during
plasma-chemical synthesis in a protective gas (argon),
which is both a plasma-forming and carrier gas, deliv-
ering the charge to a synthesis chamber, the mixture.
In this zone, particles underwent the following trans-
formations: heating → melting → dispersion → evapo-
ration.
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Figure 1 schematically shows the plasma-chemical
synthesis setup and the feeding of a charge into the
reactor chamber. An indirect-action experimental
plasma generator with replaceable cooled nozzle 1
(anode) with an outlet diameter of 1–1.5 mm was used
as a plasma source. A copper electrode protected from
overheating by cooling system 3 was used as a cathode.
The synthesis chamber with a volume of about
11.5 cm3 was made of graphite in the form of a hollow
cylinder with windows for gas withdrawal. The output
power of the power unit powering the plasma genera-
tor was 15.6 kW. A charge was fed into the synthesis
chamber in portions of 100–150 g per technological
cycle.

The stages of charge conversion in the plasma-
chemical chamber reactor are schematically shown in
Fig. 2 and include the following processes:

(a) transition from a solid phase to a gaseous phase:
heating → melting → dispersion → evaporation;

(b) cooling and synthesis of a new phase of future
compounds containing carbon (CaC–CaCO3, WC–
W2C–W), gas mixture (CO2, CO) and the compounds
of associated chemical elements (Si, Al, Fe, Mn, Mg,
Na, etc.) with carbon;

(c) condensation, solidification and the formation
of dispersed particles of the carbides of the chemical
elements that make up a charge.

The chemical elements entering a plasma stream
are affected by various factors in addition to high tem-
perature, including the factors that contribute to
decomposition, ionization, and acceleration of chem-
ical synthesis of compounds.
 8
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Fig. 1. Scheme of the main elements of the carbide plasma synthesis setup: (1) nozzle (anode), (2) branch for supplying a plasma-
forming gas and a charge (cathode), (3) cooling system, (4) gas removal channel, (5) f low fairing, and (6) synthesis chamber
(plasma-chemical reactor). C stands for concentrate; G, graphite.
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These factors include the specific principle of the
interaction of particles in a plasma f low [1], which is
expressed in both chaotic and ordered motion. When
a particle enters a plasma field, it experiences the
accelerating forces of a gas stream, the effects of elec-
tromagnetic and sound waves, and Alphen waves trav-
eling along the lines of force of the plasma stream.
However, in motion particles collide with each other,
which leads to a change in the trajectory of their
motion, the mass, or the structure.

Thus, the main input controlled indicators of
plasma-chemical synthesis include: the amount of
carburizing/reducing agent introduced into a charge,
the plasma flow temperature, the charge fraction size,
the fraction of the main oxide in the charge, and the
plasma-chemical synthesis time. The output con-
trolled indicators were as follows: the amount of
RU

Fig. 2. Stages of CaWO4 transformation during plasma-
chemical synthesis.
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reduced tungsten carbide (wt %), the stoichiometric
carbon content in WxC compound, the of tungsten
carbide particle size, the fraction of reduced tungsten,
the total amount of slag (wt %), and the amount of
material (included in the charge composition)
“removed” during sublimation.

Chemical and phase analyzes were carried out on
the specialized certified equipment in the laboratories
of the Institute of Chemistry, Far East Branch, Rus-
sian Academy of Sciences; Pacific State University;
the Institute of Tectonics and Geophysics, Far East
Branch, Russian Academy of Sciences; and the Far
Eastern State Transport University.

Phase analysis of the synthesis products was carried
out on a VEGA 3 LMH (TESCAN) scanning electron
microscope (SEM) equipped with an X-Max 80
(Oxford Instruments) energy dispersive spectrometer.
Photographing samples and searching for microinclu-
sions was mainly performed in the backscattered elec-
tron mode (BSE detector).

Phase analysis was also conducted using a ZEISS
Libra-120 transmission electron microscope equipped
with an HAADF detector and an Ω energy filter. The
studies were carried out in the transmission, dark-
field, and electron diffraction modes. Samples for
transmission microscopy were prepared by electrolytic
polishing and ion etching.

The compositions of the slag and the synthesized
product were analyzed using a DRON-7 diffractome-
ter and CoKα radiation at a recording speed of two
degrees per minute.

The formed plasma flow and its temperature in
various chamber zones were studied theoretically with
finite element simulation and experimentally with a
TN infrared pyrometer and the Toepler schlieren
method on a Svil’-80 device at a plasma temperature
of 3000–9000 K. The error in measuring the plasma
SSIAN METALLURGY (METALLY)  Vol. 2020  No. 8
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Fig. 3. Mass of reduced tungsten carbide WxC vs. the fraction of introduced graphite and the fraction size: (a) scheelite concen-
trate and (b) calcium tungstate.
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f low temperature was 2–8% (measurement error
increased with the plasma temperature).

RESULTS AND DISCUSSION

As a result of experiments on the plasma-chemical
synthesis of tungsten carbides from a charge based on
scheelite concentrate, calcium tungstate, and graph-
ite, we obtained dependences of the tungsten carbide
content in the synthesis products on plasma f low tem-
perature Tp, action time τ, the charge particle size, the

degree of mechanical activation, the amount of intro-
duced graphite, and the type of concentrate.

During plasma-chemical synthesis, we formed a
mixture of finely dispersed particles of WC–W2C

tungsten carbides and reduced tungsten particles,
calcium carbides, compounds of associated chemical
elements with carbon, and Fe–W–C intermetallic
particles.

An analysis of the results obtained showed that,
during the action of a high-temperature plasma flow
on a charge, the amount of reduced tungsten carbide
is mainly affected by the fraction of introduced graph-
ite with respect to the concentrate. Figure 3 shows the
dependences of the mass of reduced tungsten carbide
(wt %) of the fraction of introduced graphite, the type
of concentrate, and the charge fraction size. The con-
tent of tungsten carbides was determined using SEM
and TEM. As can be seen from Fig. 3, the largest
amount of carbides is reached at 35% graphite in a
charge. For example, for the scheelite concentrate
(Fig. 3a), the content of tungsten carbides in the total
amount of the synthesis products is up to 92.5 wt % at
35% graphite in a charge and a fraction size of up to
200 μm. When tungsten carbides are synthesized from
a charge based on calcium tungstate (Fig. 3b), their
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.
amount was up to 97.6 wt % at 35% graphite in the
charge and a fraction size of up to 25 μm.

The amount of the synthesized WC–W2C–WxC

carbide mixture was found to increase at a fraction size
of 150–250 μm and a lower content of the metal oxide
in the concentrate (scheelite concentrate) under the
same synthesis conditions (plasma flow temperature,
time, graphite concentration in charge).

It is important to note that the fraction of the syn-
thesized carbide mixture presented in the depen-
dences in Fig. 3–5 is related to the material purified
from a slag. A mixture of WC–W2C–WxC tungsten

carbides was separated from a slag using molar equip-
ment and was washed with distilled water. The product
formed after purification from slag and impurities
mainly consisted of a mixture of WC–W2C tungsten

carbides and reduced tungsten. The mixture composi-
tion was determined using a DRON-7 X-ray diffrac-
tometer. To determine the amount of carbides relative
to the portion of concentrate, leaching process with
acids (HNO3, H2SO4, HCl) was carried out. The

product formed after leaching was weighed and exam-
ined for the presence of reduced tungsten by the meth-
ods described above.

The dependence of the tungsten carbide mass on
the plasma flow temperature and the fraction of intro-
duced graphite in a charge was studied for the scheelite
concentrate and calcium tungstate (Fig. 4). As can be
seen from Fig. 4, the optimum plasma flow tempera-
ture for producing tungsten carbides from the scheelite
concentrate in the near-nozzle region (2–6 mm from
the nozzle exit section) is about 6500 K (Fig. 4a). The
plasma flow temperature was determined by the Toe-
pler schlieren method, a spectral method, and simula-
tion. The error in determining the temperature by var-
ious methods was about 550 K.
 8
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Fig. 4. Mass of synthesized tungsten carbide vs. the plasma flow temperature and the fraction of graphite introduced into a charge:
(a) scheelite concentrate and (b) calcium tungstate.
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Fig. 5. Mass of synthesized tungsten carbide vs. plasma flow action time τ and the fraction of graphite introduced into a charge:
(a) scheelite concentrate and (b) calcium tungstate.
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For calcium tungstate with a higher fraction of the
main metal oxide in a charge (Fig. 4b), the plasma
flow temperature should be increased to 7500–8000 K
(temperature range was determined theoretically and
experimentally by the methods given above). This
increase is caused by the fact that, during the evapora-
tion of graphite in the plasma-chemical reactor cham-
ber, atomic carbon forms. It creates a large number of
bonds with a refractory metal and a small number of
associated chemical elements, mainly oxygen.

When the plasma flow temperature increases fur-
ther (for the scheelite-concentrate-based charge, to
more than 6500 K; for calcium tungstate, to more than
8000 K), the total yield of the main metal carbides
decreases. In addition, metallic W is reduced from
RU
both the WC carbide phase and tungsten oxides WO–
WO2–WO3.

The dependence of the tungsten carbide mass on
the time of action of a plasma stream on a charge of
tungsten-containing mineral concentrates was studied
(Fig. 5).

According to these dependences, plasma stream
action time τ is determined by the tungsten oxide vol-
ume contained in the concentrate, since the process
should lead to complete synthesis of the entire amount
of tungsten carbides.

These dependences (Figs. 5a, 5b) demonstrate a
change in the fraction of synthesized tungsten carbides
SSIAN METALLURGY (METALLY)  Vol. 2020  No. 8
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Fig. 6. Spectral image of the tungsten carbides formed during plasma-chemical synthesis: (a) plasma-chemical synthesis products
at the exit from a reactor chamber and (b) nanocrystalline powder of WC–W2C tungsten carbides.

(a)(a) (b)(b)
5 μm5 μm500 μm500 μm
for two types of tungsten-containing concentrates at
the same plasma flow temperature (6500 K).

The amount of reduced tungsten was found to
increase during a long high-temperature action of a
plasma stream to the charge melt formed in the reactor
chamber. Further boiling and sublimation of the melt
leads to a decrease in the total amount of synthesis
products and reduced tungsten. The most active subli-
mation of the charge components occurs at a plasma
torch temperature of 7500 K or higher in the near-noz-
zle region. Studies of the end synthesis products showed
that 18–30 wt % of the total amount of the mixture fed
into the synthesis chamber is sublimated in the form of
a vapor–droplet phase and a gas mixture.

Figure 6 shows photographs of the tungsten car-
bides formed during plasma-chemical synthesis after
slow cooling of the synthesis products (Fig. 6a) and
after crushing and washing in distilled water (Fig. 6b).
After these procedures, a mixture of tungsten carbides
and reduced tungsten WC–W2C–W in the form of a
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.

Fig. 7. X-ray diffraction pattern of the nanocrystalline
W‒C powder formed from scheelite concentrate by
plasma-chemical synthesis.
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nanocrystalline powder (fractions from 1 to 500 nm)
was formed.

The synthesis of a nanocrystalline W–C powder
included crushing, the dissolution of calcium carbides
with water, and magnetic extraction of Fe–W–C
intermetallic compounds.

Figure 7 shows the X-ray diffraction pattern of the
nanocrystalline WC–W2C tungsten carbide powder

formed from the scheelite concentrate by plasma-
chemical synthesis. Phase analysis of samples revealed
the presence of the main phases of tungsten carbide,
namely, W2C and WC. The carbon content in WC was

6.2–7.1 wt % (57 at % W, 43 at % C), In the W2C phase,

carbon reached 3.4 wt % (72 at % W, 28 at % C). The
content of reduced tungsten in the nanocrystalline
powder (WC–W2C) was found to be 7.5 wt %. Excess

tungsten (in at %) in WC and W2C indicates the pres-
ence of free tungsten atoms.

Figure 8 shows a spectrogram of the nanocrystal-
line tungsten carbide powder formed by plasma-
chemical synthesis. The purity of the synthesized
nanocrystalline WC–W2C–W powder was 99.2 wt %.
 8

Fig. 8. Spectrogram of the nanocrystalline W–C powder
formed from scheelite concentrate by plasma-chemical
synthesis.
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Fig. 9. SEM image of WC–W2C tungsten carbide: (a) particle scale of 2 μm and (b, c) electron diffraction pattern of the crystal
lattice of a cleavage.
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SEM results showed the presence of the following
crystallographic modifications (Fig. 9):

(i) α-WC with a hexagonal lattice (space group
P6m2) and periods a = 0.2906 nm and c = 0.2839 nm;

(ii) β-WC with a cubic face-centered lattice (a =
0.4220 nm, space group Fm3m) and W2C ditungsten

carbide, crystals of which form the hexagonal system
with cell parameters a = 0.29948 nm, c = 0.47262 nm,
and Z = 1.

CONCLUSIONS

(1) WC–W2C tungsten carbides were synthesized
from multicomponent oxide-containing concentrates
in one step by plasma-chemical synthesis in the spe-

cific power range g > 104–105 W/cm2 at a plasma tem-
perature of 3000–9000 K. The synthesized nanocrys-
talline powder consists of 92.5–97.6 wt % WC–W2C

carbides and 2.4–7.5 wt % reduced tungsten. The
purity of the synthesized nanocrystalline W–C pow-
der was 99.2 wt %.

(2) Preliminary mechanical activation of the com-
ponents of a mixture of concentrate and graphite can
significantly increase the intensity of plasma-chemical
synthesis of WC–W2C tungsten carbides regardless of

the fraction of graphite and the main metal oxide in
the mixture.

(3) The synthesis of a nanocrystalline W–C pow-
der included crushing, the dissolution of calcium car-
bides with water, and magnetic extraction of interme-
tallic compounds.

(4) On the whole, our results demonstrate the pros-
pects of plasma-chemical synthesis of tungsten car-
bides from tungsten-containing mineral concentrates.
The results of the work can be used in the future to
replace the hydrometallurgical and chemical methods
of processing raw materials and the high-energy long-
term methods of producing tungsten carbides.
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