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Abstract
Tungsten carbide nanoparticles (NPs) were synthesized by wire explosion process
(WEP) in gas ambient as carbon source. Formation of tungsten carbide (WC1−X)
in a single step by WEP using methane and argon‐acetylene mixture as carburizing
medium, is detailed. X‐ray diffraction (XRD), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM) were used to observe the phase and
morphology of the produced NPs. In WEP, morphology and phase of NPs are controlled using different levels of energy ratio, K (ratio of energy supplied to wire
and sublimation energy of wire), type and pressure, P of ambience. High purity
WC1−X NPs was synthesized in methane ambience with a high K (=19) and a high P
(270 kPa). A thorough study has been made to understand the impact of type of carburizing medium. Methane‐acetylene mixture gave two phases of carbides. Argon‐
acetylene ambience provided complete carburization in specific cases. In general, the
formed NPs are spherical in shape. Formation mechanism of tungsten carbide NPs is
detailed in the work.
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IN TRO D U C T ION

Control on the properties of a material according to the requirements gives an upper hand to the researchers. Field of
nanotechnology provides a comprehensive freedom to do
so. One can design the properties of materials by changing
its morphology and composition. Controlled change of size
enables us to ascertain the properties of nanostructures between that of bulk and molecular level. The composition and
phase structure play a vital role in determining the different aspects of nanomaterials. Carbides of tungsten (W) are
widely researched in numerous fields like manufacturing of
cutting, mining tools etc.; due to its high hardness and melting point.1,2 Its catalytic property is harnessed for selective
dexoygenation,3 electrocatalytic hydrogen evolution,4 water
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splitting,5 as a catalyst support6 in different reactions for industrial manufacturing/processing. Shape, size, and phase
selective properties of tungsten carbides make it useful for
numerous industrial and daily life applications.7 Therefore,
it is necessary to develop the method to control the properties of the tungsten carbides (WC) nanoparticles (NPs) as per
ones needs.
A number of methods were employed to synthesize
tungsten carbide NPs. Solid state method, for example, ball
milling8,9 takes long processing time. Chemical methods including sol‐gel,10 hydrothermal,11 from scheelite ore12 etc.
require many steps to get rid of impurities present in the
nanostructures. Gas phase synthesis13 offers fast synthesis
route. Wire explosion process (WEP) is a well‐known gas
phase synthesis method to produce NPs in a single step.14‒16
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Here, high current passing through the wire evaporates it by
Joule heating and the produced plasma/vapour reacts with
ambience. Fast cooling due to high temperature difference
of vapour and ambience leads to fast nucleation of vapour
and phase transition from gas to solid state. Growth of the
nucleated embryo leads to the formation of NPs. Here, the
ambient plays a role of reacting as well as cooling medium.
Long back in 1970s, Siegel and co‐workers17‒19 used WEP
for the formation of carbides in single step using different
hydrocarbons as the ambient. They proved that methane is
not good for the carburization process in WEP and found that
diluted acetylene as the best. But they were not able to get
single phase WC in their experiments.
Recently, Debalina et al20,21 produced carbides of tungsten
using WEP using methane, carbon dioxide, and paraffin as
the carburizing medium. But complete carburization of W
was not achieved in their studies, impurity was in the form
of W NPs and its oxide (peaks present in XRD patterns).
Arvinth et al22 synthesized hexagonal tungsten carbide (WC)
NPs after heating multi‐walled carbon nanotubes (CNT)
with W/tungsten oxide produced by WEP for 7 hours. They
had CNT left as an impurity in the WC mixture. Pure WC
was synthesized by WEP in liquid toluene23 and paraffin.24
Problems associated with synthesis in liquid ambient are filtering the NPs from solution and noncontinuous explosion
hindering the large scale synthesis of NPs.
So, in the present work, an attempt has been made to synthesize pure WC NPs by WEP in single step in gas as an
ambient. Different gas combinations viz. methane, acetylene,
and its mixture with argon were used to check the carburization of W vapour. Energy deposited to the wire and ambient pressure with different ratios of gases was changed to
check the morphology and composition of eth NPS produced.
Produced NPs in different ambiences were characterized
using XRD, SEM, and TEM, and formation mechanism will
be discussed.
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F I G U R E 1 Schematic of experimental setup of WEP. WEP,
wire explosion process

(
)
(
)
ES = CS × Tm − Tr + Cf × Tb − Tm + hm + hv
(
)
≃ CS × Tb − T r + h m + h v .

(1)

where CS and Cf are specific heat in the solid and liquid
state respectively, Tr, Tm, and Tb are room, melting, and
TABLE 1

Experimental parameters

Capacitance, C

3 µF

Length of W wire (mm)

100

Wire diameter (mm)

0.25, 0.1

Charging voltage (kV)

14, 20, 24

Ambient gas

Methane, Ar
(5 kPa)/acetylene

Ambient pressure (kPa)

20, 170

E X P ER IME N TA L ST U D IE S

Figure 1 shows the schematic of the experimental setup used
in this work to produce NPs. Tungsten (W) wire, fixed between the electrodes in the explosion chamber was exploded
in different ambiences. Supply voltage of 230 V AC, 50 Hz
was stepped up to different required voltages using an auto‐
transformer (230 V/0‐230 V) and a high voltage transformer
(230 V/25 kV, 25 kVA). Diode was used to rectify the AC to
DC voltage which charges the capacitor, C to required voltage, V. The energy EC (=0.5CV2), stored in C was discharged
to the wire through trigatron gap providing it trigger pulse.
EC is more than the calculated sublimation energy, ES of the
wire used. Data for calculation of ES were taken from databook25 and calculated as shown in Equation (1);

F I G U R E 2 XRD patterns of NPs produced in methane
ambience for different energy ratio, K and pressure, P (kPa). NPs,
nanoparticles; XRD, X‐ray diffraction [Color figure can be viewed at
wileyonlinelibrary.com]
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boiling temperature of the metal, respectively, and hm and
hv are latent heat of fusion and vaporization of the material,
respectively.
When the energy is injected through the wire, it sublimates to the vapour/plasma. Vapour cloud reacts with the
ambience and simultaneously gets cool down to form the NPs
of the required composition.26 Table 1 provides the different
parameters used in this work. Wires (99.8% purity) were procured from Alfa Aeser. The controlling parameters were V,
the ambient pressure P and the composition of the ambience
used. For the ease of interpretation of results, we define energy factor, K which is the numerical ratio of EC and ES. K,
P, and composition of ambient gas were varied to deduce the
chemistry of formation of carbide NPs by WEP.
The synthesized NPs were characterized by X‐ray diffraction (XRD, D8 Discover, Bruker diffractometer) with Cu‐Kα
radiation of wavelength 1.5425 Å, scanning electron microscopy (SEM, FEI Quanta FEG 200) and transmission electron
microscopy (TEM, Philips CM12) using carbon‐coated Cu
grid to understand its phase composition and morphology,
respectively. X′pert High score plus was used for Rietveld
refinement of the XRD data. Samples for TEM were prepared
using acetone as the dispersive solvent. ImageJ was used to
measure the size (Heywood diameter, diameter of equivalent circle with area of 2‐D projected area of an object) of
the NPs. Size data follows log‐normal distribution as per
Equations (2)‐(4),
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where f (d) represents the log‐normal distribution, d and d50
are the particle and geometric mean diameter, respectively, ni
and di are the number of particles and it's diameter, respectively, and σg is the geometrical standard deviation.
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3.1
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RESULTS AND DISCUSSION
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Methane as a carburizing medium

First, methane gas was used as the carburizing medium for
the W vapour produced after the explosion for different values of K and P. Figure 2 shows the XRD patterns of the obtained NPs in methane for different K and P indicated as two
numerals separated by comma for each condition. The patterns match with that of WC1−X (JCPDS PDF 20‐1316) and
W (JCPDS PDF 01‐089‐3012). Initially for low K and P, W

F I G U R E 3 (A and B) TEM images, (C‐E) SEM images, and (F) particle size distribution of NPs produced in methane ambience for different
energy ratio, K and pressure, P (kPa). NPs, nanoparticles; SEM, scanning electron microscopy; TEM, scanning electron microscopy [Color figure
can be viewed at wileyonlinelibrary.com]
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TABLE 2

Particle size standard deviation of NPs produced in
methane ambience for different energy ratio, K and pressure, P (kPa)
K and P

Mean particle size (nm)

Standard deviation (nm)

3, 170

25.2

1.8

10, 170

24.6

1.8

19, 170

23.4

1.7

19, 20

21.7

1.7

Abbreviation: NPs, nanoparticles.

FIGURE 4

XRD pattern of NPs produced in acetylene ambience
(10 kPa) at K = 3. NPs, nanoparticles; XRD, X‐ray diffraction

vapour do not reacts completely with methane resulting in
W NPs. For same value of K, if we increase the pressure of
methane, the relative intensity of W decreases. In short, increase in K and P assist in carburization of the vapour. This is
because of the increment in temperature27 and decrement in
density28 of W vapour/plasma with increase in K, aiding more
rapid reaction, yielding in more carbide NPs. More pressure
of methane means more number of reaction sites (molecules
of methane) in the vicinity of the vapour cloud are readily
available to proceed the reaction. We produced pure WC1−X
for high K (here 19) and P (170 kPa) with methane gas as the
ambient in a single step as can be seen from the pattern on
the bottom of Figure 2. To produce in low P of methane, one
has to opt for higher K. In short, this can be used widely in
industries adopting methane as a carburizing gas to produce
metal carbide NPs on large scale unlike that in liquids.
Figure 3 shows the TEM, SEM monographs, and particle size distribution of NPs produced in methane ambient

F I G U R E 5 TEM images of NPs
produced in acetylene ambience (10 kPa)
at K = 3. TEM, transmission electron
microscopy [Color figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 6 XRD patterns of NPs produced in argon and
acetylene mixture for different energy ratio, K and pressure, P
(kPa) of mixture gas (partial pressure of acetylene 5 kPa). NPs,
nanoparticles; XRD, X‐ray diffraction [Color figure can be viewed at
wileyonlinelibrary.com]

of different pressure with different K values. Particles are
spherical in all the cases. Table 2 shows the corresponding
mean particle size and standard deviation of NPs produced in
methane ambient. Slight decrease in size was observed with
increase in K and/or decrease in P. This is attributed due to
decrease in density (or increase in volumetric expansion) of
plasma/vapour produced in WEP with increase in K and/or
decrease in P. Results are as per the previous literature on
WEP29 which discussed about the decrement in particle size
with increase in energy deposited and/or decrease in ambient
pressure.

3.2

|

Acetylene as a carburizing medium

Acetylene, an unsaturated hydrocarbon was used as the
carbon source as an alternate to methane for the formation of tungsten carbide by WEP. We did experiment for
K = 3 and P = 10 kPa. An enormous amount of powder was
formed inside the explosion chamber. Trial of low K (even
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as the product as shown in Figure 5. We could not find any
crystalline structure in the images due to amorphous nature
of carbon. This confirms our result about the production of
carbon on self‐pyrolysis of acetylene. In short, WEP can
be employed as a prospective method to synthesize carbon
in large amount but one should be careful while handling
acetylene gas.

3.3 | Mixture of argon and acetylene as a
carburizing medium

F I G U R E 7 XRD patterns of NPs produced in methane and
acetylene mixture for different energy ratio, K and pressure, P
(kPa) of mixture gas (partial pressure of acetylene 5 kPa). NPs,
nanoparticles; XRD, X‐ray diffraction [Color figure can be viewed at
wileyonlinelibrary.com]

1) also yields a large quantity of black powder. Figure 4
shows the XRD pattern of the powder formed, which indicates the presence of graphitic carbon (C, JCPDS PDF
25‐0284), WC1−X and W2C (JCPDS PDF 35‐0776). High
relative intensity of C indicates the self‐pyrolysis of acetylene in the chamber due to high temperature of the wire
plasma/vapour. Generally in WEP, the temperature rises
to 10 000 Kelvin during the heating of the wire and arc
discharge. This temperature is high enough to pyrolyze
acetylene gas to give carbon.18 We took TEM images of
the produced powder and observed the amorphous carbon

Only acetylene as an ambience give not only the metal
carbides, there was a huge amount of carbon due to the
self‐pyrolysis of acetylene as discussed in the last section.
To prevent the pyrolysis, we used methane and argon as
the diluting medium. First, we experimented with argon as
a diluent with acetylene gas to understand the process of
carburization of tungsten vapor. We kept the partial pressure of acetylene gas as 5 kPa. Total pressure of mixture
was fixed at 20 and 170 kPa. Particles obtained were of
spherical shape as obtained from TEM images (not shown
here).
Figure 6 shows the XRD patterns obtained for the NPs
generated in argon and acetylene mixture. For all cases, mixture of W, WC1−X, and W2C was obtained. With increase in
total P, that is, decrease in ratio of acetylene to argon gas
partial pressure, there is a decrement in carburization of W
vapour for all K. With increase in K (till 10), carburization
increases due increase in rapidity of the reaction led by increase in temperature and decrease in density of vapour
with increase in K. Increase in K beyond 10 leads to the
less carburization due to dominance of cooling rate over the

F I G U R E 8 TEM and SEM images
of NPs produced in methane and acetylene
mixture for different energy ratio, K
and pressure, P (kPa) of mixture gas
(partial pressure of acetylene 5 kPa). NPs,
nanoparticles; SEM, scanning electron
microscopy; TEM, scanning electron
microscopy
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carburization. In short, one need to optimize K and the ratio
of amounts of acetylene and the diluent to get single phase
tungsten carbide NPs by WEP.

3.4 | Mixture of methane and acetylene as a
carburizing medium
Acetylene as an ambience yields large quantity of amorphous carbon (Section 3.2) and its mixture with argon
yields mixture of W and its carbides (Section 3.3). To get
complete carburization as well as to prevent the pyrolysis,
we used methane as the diluting medium for acetylene gas.
We fixed the partial pressure of acetylene as 5 kPa for all
the cases. Figure 7 shows the XRD pattern obtained for different K and total pressure, P of the mixture gas. For all the
cases, complete carburization was achieved with two carbides of tungsten, WC1−X and W2C. As there is an increase
in K, there is a reduction in the intensity of peaks corresponding to W2C. With increase in P of methane, the reaction tends to yield the carbide as that by only methane. In
short, acetylene assists in the process of carbide formation
with methane and as K or the relative pressure of methane
increases, the reaction proceeds as that with only methane
ambience. To get complete carburized product as a mixture
of two carbides of W, one can proceed with the mixture of
methane and acetylene exploded for low energy values. In
short, one can tune the contents of two carbide phases of
tungsten using WEP in methane and acetylene mixture, and
can also achieve single phase WC1−X at low K compared to
only methane ambient.
Figure 8 shows the TEM and SEM images of NPs produced in methane and acetylene mixture for different K and
P values. For all the cases, obtained particles were spherical
in shape. Size of the particles decreases (size distribution not
shown here as it was almost same as that for methane) with
increase in K and/or decrease in P similar to that for methane.

4

|

CO NC LU S ION

In the present study, single‐phase tungsten carbide, WC1−X
NPs was successfully synthesized by WEP in methane ambience at high K and P as seen by XRD patterns. Acetylene
(even 10 kPa) gets pyrolyzed and produce very large quantity of amorphous carbon. Argon and methane were used as
diluent. Mixture of argon‐acetylene (5 kPa partial pressure)
yields all W, W2C, and WC1−X; carburization decreases with
increase in K. For methane‐acetylene mixture, complete carburization was achieved with two phases W2C and WC1−X;
and the reaction is similar to only methane ambient for high
K and P. SEM and TEM images show formation of spherical
NPs for all the cases. Mean size of particles decreases with
increase in K and/or decrease in P. So, WEP can be employed
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for bulk production of spherical tungsten carbide NPs using
gas as a carbon source.
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