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Introduction

Nanoscale tungsten carbide WC powders are of practical interest for creating
nanostructured hard alloys with enhanced physical and mechanical characteristics, wear-
resistant nanostructured coatings, electro-catalysts in fuel cells, metal melt modifiers [1-8].
An efficient method for producing tungsten carbide nanopowders is a plasma-chemical
synthesis of a multicomponent W-C powder nanocomposite with its subsequent heat
treatment. It results in the formation of tungsten carbide WC [2, 9-11]. Experimental studies
have shown the possibility of producing tungsten carbide WC nanopowder using this
method. Heat treatment in the electric furnace at a temperature of 1100 - 1200°C for a few
hours is necessary for the complete conversion of the nanocomposite into the target product.
The heating is accompanied by an increase of nanoparticles in size.

Currently, much attention is paid to the heating of reagents by microwaves to conduct
solid-phase chemical reactions [12-19]. Microwave heating provides energy deposition in
the volume of the processed material, this significantly increases the heating rate compared
to traditional heating in furnaces, where energy is transferred from the surface to the volume
of material. Numerous studies have shown that the use of microwave heating for chemical
reactions in solids makes it possible to increase the rate by order of magnitude, to increase
the yield of target products and to reduce the impurities. The use of microwave heating with
a radiation frequency of 2.45 GHz for the synthesis of tungsten carbide WC from powder
mixtures of tungsten or tungsten trioxide with carbon leads to a reduction in the reaction
time [20-27]. It also provides the possibility to obtain the target product in the form of a
nano-sized powder using tungsten precursors having a particle size in the nanometer range.

In the most cases, studies of chemical syntheses using microwave heating were carried
out in an electromagnetic field with a frequency of 2.45 GHz, but it is noted that an increase
in the frequency of the waves may result in additional effects of material synthesis [13, 19,
28].

The purpose of the research was an experimental study of the possibility of obtaining
tungsten carbide WC from a powder multicomponent nanocomposite system W-C, obtained
by plasma-chemical synthesis when processed in the microwave field with two different
frequencies: 2.45 GHz and 24 GHz.

Experimental Technique

The W-C nanopowder processing experiments were conducted on two available
microwave sources: the gyrotron complex with a nominal output power of 7 kW in CW
mode with radiation frequency of 24 GHz and a magnetron with a radiation frequency of
2.45 GHz and an average power of 0.8 kW. The use of two sources of microwave radiation
made it possible to investigate the dependence of the properties of the treated nanopowder
W-C on the wavelength of the heating field while other conditions being equal.
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The gyrotron complex can be structurally divided into a treatment chamber with a
microwave radiation focusing system and a microwave system. Fig. la shows the
experimental setup. The gyrotron radiation with a frequency of 24 GHz in is introduced by
a circular waveguide with a diameter of 32.6 mm through a sealed window into the
processing chamber. The microwave radiation converted from the TE11 mode of a circular
waveguide into a Gaussian beam. Then it was focused by a parabolic 90-degree mirror (1 in
Fig. 1A). The Gaussian beam was focused on the surface of the processed nanopowder
placed in a quartz crucible (2 in Fig. 1A). The amount of nanopowder loaded in a quartz
crucible and processed in one experiment was about 10 g. There is a region of the focal waist
at a distance of 32 cm from the center of the parabolic mirror. The cross-sectional area of
the beam was 3 cm?. The power of the gyrotron radiation varied from 100 to 400 watts in
the experiments described. The sample surface temperature was 1050-1200 C. The
processing chamber was sealed; all the flanges entrances on its body are standard CF vacuum
fittings. The flange entrance (3 in Fig. 1A) was made according to the CF250 standard and
has a vacuum quick access door with a viewing port covered with a metal grid. Visual control
of the sample heating processes and the measurement of the surface temperature were
performed using a RAYTEK Marathon MRIS two-color pyrometer through the viewing
port. Also, this door used to load and unload the crucible with nanopowder. Samples of
nanosized powder W-C were processed in a stream of nitrogen at atmospheric pressure.
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Fig. 1. Schemes of experimental installations.

Fig. 1B shows the setup for heating a W-C nanopowder with microwave radiation with
a frequency of 2.45 GHz. The processing chamber housing is a commercial microwave oven
(3 in Fig. 1B). There was a quartz reactor (2 in Fig. 1B) inside the microwave oven which
isolates the ceramic crucible (1 in Fig. 1B) with the nanopowder being treated from the
external air atmosphere.

The quartz reactor has 2 entrances for nitrogen purge and pumping out. The pressure
inside the reactor was maintained slightly excessive relative to the atmosphere to ensure
continuous nitrogen purging.

The powders obtained in the experiments were analyzed using following techniques:
phase composition using an X-ray diffractometer Rigaku Ultima IV; total carbon content
using a LECO CS-600 analyzer; the specific surface of the powders using a Micromeritics
TriStar 3000 specific surface analyzer; morphology and particle size of powders using a
Scios FEI electron microscope.
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The starting materials

A nanopowder of the W-C system was used for processing in the microwave field. This
nanopowder was obtained by the interaction of tungsten oxide WO3; powder with methane
in a stream of hydrogen-nitrogen plasma generated in an electric arc plasma torch [9]. The
initial nanopowder consists of the carbide phases WCix and W2C mainly with the presence
of metallic W and free carbon. The total carbon content in the nanopowder was 6.3 wt.%.
The specific surface area was 22 m?/g. The nanopowder consists of highly aggregated
particles with sizes less than 100 nm (see Fig. 2). The nanopowder contains particles of
micron size range as impurities, consisting of tungsten oxide and metal tungsten, the mass
content of such particles was about 10%. Processing of nanopowders was carried out in a
nitrogen environment. The experiments high purity (99,9999%) compressed nitrogen and
evaporated liquid nitrogen was used.

Fig. 2. Microphoto of initial nanopowder.

Results and Discussion

One of the main factors determining the course of solid-phase chemical reactions
during direct heating of reagents in a microwave field is the absorption efficiency of reagents
and reaction products, which determine its temperature. Experiments have shown that the
original nanopowder absorbs well the used microwave radiation with both frequencies of
2.45 GHz and 24 GHz. A sample of the original nanopowder with a mass of 1012 g was
heated to a temperature of 1100°C for exposure time on the order of several seconds. The
temperature variation during the process was 50-70°C with a significant change in the phase
composition of the nanopowder as a result of the transformation of WCi.x -> WC. This fact
indirectly indicates the proximity of the absorption properties of these carbides at the
frequencies of microwave radiation used in the experiments.

Results of experiments performed at a constant microwave power of 260 W with a
frequency of 24 GHz shows that chemical transformation of the original nanopowder occur
from the first minutes of the microwave processing and is characterized by a decrease of the
tungsten carbide WCix content and an increase of the WC carbide (see Fig. 3). The highest
transformation rate was observed in the first minutes. During the subsequent time (up to 12.5
minutes) the residual content of carbide WCix practically does not change with a certain
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increase in the content of carbide WC. The maximum processing time was 12.5 min,
however, during this time, the complete conversion of the components of the original
nanopowder to tungsten carbide WC was not achieved, which may be due to a decrease in
the total carbon content in the nanopowder during microwave processing (see Fig. 4).
Tungsten carbide WC is a stoichiometric compound and has no homogeneity region;
therefore, lower carbides are formed with a lower carbon content with a decrease in the total
carbon content in the reaction system. The decrease in total carbon content could be due to
its chemical ablation as a result of the interaction of free carbon and tungsten carbides with
oxygen impurities present in the nitrogen used to purge the powder treatment chamber. The
experiment showed the effect of the nitrogen type used for purging the composition of the
nanopowder treated. The parameters were the following: the frequency of microwaves 24
GHz, heating power was 260 W, treating time 5 min. The sample treated in a stream of
evaporated liquid nitrogen characterized by a higher conversion of WCix to WC. The
presence of oxygen provides the possibility to transfer carbon required for the formation of
WC from WCix through the gas phase through the reactions Oz + Cs -> CO, CO -> Cs +
COz.
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Fig. 3. X-ray diffraction pattern of nanopowders after the microwave treatment (24 GHz,
260 W) during the various time.l — initial, 2 — 2 min., 3 — 5 min., 4 — 12.5 min.
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Fig. 4. Change in time for total carbon content and for the specific surface in
nanopowders at the microwave treatment (24 GHz, 260 W).

The specific surface of the powder being processed decreases when tungsten carbide
WC is formed under microwave heating with a frequency of 24 GHz (see Fig. 4) and the
specific surface area decreases from 22 m%/g to 12 m*/g in 25 min of processing, while the
particle size remains in the corresponding nanoscale range (see Fig. SA).

An increase in the power of microwaves with a frequency of 24 GHz with a constant
processing time of 5 min leads to an increase in the output of tungsten carbide WC (see Fig.
6).

The phase composition and the morphology of the obtained products are mostly the
same when processing samples in the microwaves with a frequency of 2.45 GHz with a
power of 800 W and when processing samples in the microwaves with a frequency of 24
GHz (see Fig. 5b and Fig. 7). A significant change in the phase composition (transformation
of WCix -> WC) also occurs during the first minutes, and from 3 to 8 minutes the WC
content increases much slowly (see Fig. 7). There is a decrease in the total carbon content
and a decrease in the specific surface area of the powder during processing when used
microwaves with a frequency of 2.45 GHz likely when used microwaves with a frequency
of 24 GHz.
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Fig. 5. Microphoto of nanopowders after the microwave treatment. A - 24 GHz, 370 W, 5
min. B —2.45 GHz, 800 W, 5 min.
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Fig. 6. X-ray diffraction pattern of nanopowders after the microwave treatment (24 GHz, 5
min.) at various power.1 — initial, 2 — 260 W,3 =310 W, 4 -370 W
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Fig. 7. X-ray diffraction pattern of nanopowders after the microwave treatment (2.45 GHz,
800 W) during the various time. 1 — initial, 2 — 3 min., 3 — 5 min., 4 — 8 min.

Conclusion

Experimental studies performed have demonstrated the possibility of direct heat
treatment of multicomponent nanopowders of the W-C system obtained by plasma-chemical
synthesis, when exposed to a microwave field with frequencies of 2.45 and 24 GHz. The
formation of nanoscale particles of tungsten carbide WC occurs when microwaves used for
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processing while there is a decrease in the value of the specific surface area of the
nanopowder. The process of chemical and phase transformation is affected by the
composition of the gas medium, which components can provide gas-phase carbon transfer.

Subsequent studies will determine the possibility to achieve 100% yield of WC while
maintaining the particle size of the powder in the nanometer range.

The work was carried out within the framework of the Program #14 "Physical
chemistry of adsorption phenomena and actinide nanoparticles” of the Presidium of the
Russian Academy of Sciences.
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