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Abstract

In the present study nano-tungsten carbide particles were generated in a wire explosion process. The plasma generated during the wire explosion process was analyzed using optical
emission spectroscopy (OES). The impact of ambient pressure on the plasma temperature, electron density and plasma lifetime was studied. Lifetime variations of the plasma produced under
different experimental conditions were analyzed. The produced nanoparticles were characterized
through wide angle X-ray diffraction (WAXD) and transmission electron microscopy (TEM) studies. Particles produced with a negative DC charging voltage had a larger mean size when compared
to a positive charging voltage. Polarity dependence on the plasma duration was observed where
plasma was sustained for a longer duration with a negative DC charging voltage.
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Introduction

Nanostructured materials are a class of materials
which have unique chemical, electrical, optical, mechanical and magnetic properties, which can be selectively
controlled by engineering the size, shape, morphology
and composition of the particles [1,2] . There are various techniques by which the nanoparticles of tungsten carbide can be synthesized. The fundamental processes include the reduction of tungsten oxide (WO3 )
by carbon [3] , the carbo-thermal hydrogen reduction
process [4] , the reaction of tungsten with a methanehydrogen mixture [5] and by using a chemical vapor
condensation (CVC) process using solid tungsten hexacarbonyl (W(CO)6 ) precursors [6] . Self-propagating
high-temperature synthesis (SHS or combustion synthesis) is also recognized as a fundamental process to prepare tungsten mono-carbide particles [7∼9] . Recently,
JIANG and YATSUI [10] have produced nanoparticles
by using a wire explosion process (WEP) and demonstrated it to be a cost-effective process.
In the wire explosion process a pulsed current is
driven through a solid wire to cause Joule heating,
which in turn melts, evaporates and ionizes the wire,
resulting in plasma that expands in the explosion chamber. This high temperature plasma gradually cools
down to room temperature due to its interaction with
the ambient gas, giving rise to an optical emission. If
plasma characteristics are identified, then the influence
of various process parameters which affect the size of

the produced particles can be understood. To understand the mechanism of nanoparticle synthesis, characteristics of the plasma produced at the time of the wire
explosion are investigated in detail by adopting optical
emission spectroscopy.
In the present work, experimental studies were carried out to understand the dynamics of tungsten carbide nanoparticle formation by the wire explosion process, adopting the optical emission technique. The impact of ambient pressure on the plasma temperature,
electron density and plasma lifetime was analyzed in
detail. The McWhirter criterion was also verified for
different experimental conditions to ensure local thermal equilibrium (LTE).
Table 1.
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Experimental details

Parameters

Values

Capacitance

3 µF

Charging voltage

23 kV

Wire diameter

0.25 mm

Length of wire

50 mm

Experimental setup

Fig. 1 shows a schematic representation of the experimental setup used for producing the nanoparticle by
using the wire explosion process and for optical studies. The experimental setup can be sectionalized as a
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Fig.1

Schematic representation of the experimental setup

charging unit, a discharging unit, a wire exploding unit
and an optical emission measuring unit. The high energy capacitors are charged to the required DC voltage and discharged using the trigatron switch. The dimensions of the connecting lead should be much higher
than the exploding conductor. Also, the exploding
conductor dimensions should be chosen in such a way
that the current density should be uniform throughout the length and diameter of the conductor. The
amount of energy to be deposited is calculated based
on the vaporization energy required for that particular length and diameter of conductor. The capacitor
is charged through the voltage doubler circuit and discharged through the wire. The switch S is a high voltage trigatron-gap, R is the resistance of the wire to be
exploded and L is the contribution of the internal inductance of the capacitor and the lead inductance. The
basic circuit works like an RLC circuit and the maximum power it can deliver is V I, where V is the charging
voltage and I is the pulse current. At the time of explosion, the typical voltage across R and the amount
of current flow through R are measured using a voltage
probe (EP-50k, PEEC. A Japan) and a current probe
(Pearson Electronics, USA Current transformer, Model
No-101) and shown in Fig. 2.

Fig.2 Typical (a) voltage and (b) current waveforms of
tungsten wire exploded in methane gas (color online)

In the charging unit, the amount of energy stored
in the capacitors is W = (1/2)CV 2 , where C is the
capacitance and V is the charging voltage of the capacitor. By varying the charging voltage, it is possible to

deposit the required energy to explode the conductor.
By closing the trigatron switch S, the voltage appears
across the conductor and the current through the conductor (controlled by the RLC circuit) rises, causing
Joule heating of the conductor, which eventually melts
and vaporizes.
In the present study, nanoparticles of tungsten carbide are generated by exploding the tungsten wire
in a methane ambience (which acts as a carburizing
medium) with different w/ws ratios, where w is the energy injected for evaporating the wire and ws is the
sublimation energy of the wire. The explosion of the
wire to form nanoparticles depends on the electrical energy deposited to the wire, which must be higher than
the evaporation energy of the material. Also, the time
for depositing the energy must be shorter than that for
any constraints to develop but should be larger than
the time required for the current to spread across the
wire [11] .
Wide angle X-ray diffraction (WAXD) measurements
are made using a Phillips X-ray diffractometer. A scan
rate of 2◦ /min at 2000 cycles and copper (Cu) Kα radiation of wavelength 1.5426 Å are chosen to obtain
WAXD spectra. The size and shapes of nanoparticles are analyzed using bright field images of transmission electron microscopy. Particle size is calculated
by adopting a log-normal probability distribution. The
number of particles analyzed for each experimental condition is around 500. During the discharge, the opticalemission spectrum of radially expanding plasma is gathered using a multi-mode optical fiber through a transparent window of the chamber and fed into a monochromator (Carl Ziess) with an NMOS linear image sensor
(S3901, Hamamatsu). The monochromator output between 300 nm and 1200 nm is recorded by a data acquisition system (DAQ), which is shown in Fig. 1(a). Triggering of the spectrometer is provided using a voltage
probe (LeCroy PPE20KV, 1000:1). Here, the trigger
ensures that the spectrum is captured after the plasma
initiation, and therefore LTE is obtained. The spectral
data are acquired for few tens of µs. The emission lifetime analysis corresponding to a neutral tungsten emission line at 575.486 nm is performed using a monochromator (Jobin Yovn) and a photo-multiplier tube (R564,
Hamamtsu) which are shown in Fig. 1(b). The emis563
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sion spectra during the wire explosion are collected
through the quartz window on the chamber and coupled
to the entrance slit of a monochromator (190 mm). The
monochromator is set for the wavelength of the neutral
WI emission line (λ=575.486 nm). The exit slit of the
monochromator is attached to a photomultiplier tube
(PMT) and the signal output from the PMT is connected to a storage oscilloscope (LeCroy, 500 MHz, 4
Channel, 1 GS/s) for temporal analysis of the emission
lines, generated during the wire explosion process.

3

Results and discussion

In the present study nano tungsten carbide particles are produced by exploding tungsten wire in the
methane ambience. The WAXD pattern of the produced tungsten carbide powder (Fig. 3) indicates that
by increasing the ambient pressure inside the explosion chamber and the amount of energy deposited to
the exploding conductor, the unreacted tungsten phase
reduces and the intensities of cubic tungsten carbide
(WC1−x ) and hexagonal tungsten carbide (WC) phases
increase. This may be due to the fact that, at higher
pressure, the carbon concentration available per tungsten atom is higher and with a higher w/ws ratio, more
energy is provided to the wire, which in turn produces
more heat energy, which enables a better reaction rate
between tungsten and carbon. No traces of tungsten
oxide are found in the WAXD pattern.
TEM micrographs and the log normal probability
distribution of nano tungsten carbide particles produced by the exploding tungsten wire under various
methane pressures with a positive DC charging voltage
are shown in Figs. 4 and 5. Figs. 6 and 7 show the
TEM micrographs and their corresponding size distribution of particles produced by the wire explosion process at different pressures of methane under a negative
DC charging voltage. It is observed that irrespective
of ambient pressure and polarity of the applied voltage, the particle produced by the exploding tungsten
wire in methane ambience is nearly spherical in shape.
The log-normal probability distribution is calculated by
adopting the following equations.
f (d) = √

© (logd − logD50 )2 ª
1
exp −
,
2(logσg )2
2πdlogσg
sP

σg =

P

ni
(logdi − logD50 )2 ,
ni
P

logD50 =

n logdi
Pi
,
ni

(1)

(2)

(3)

where f (d) denotes the log-normal distribution, d is the
particle diameter, ni is the number of particles with diameter di , D50 is the median diameter, and σg is the
geometrical standard deviation [12] .
564

Fig.3 WAXD pattern of tungsten carbide particle produced by exploding tungsten conductor in methane at different pressures and by depositing different levels of energy
w/ws . (a) 0.025 MPa (with different values of w/ws ), (b)
0.05 MPa and (c) 0.1 MPa for different w/ws ratios

Based on particle size distribution studies, it could be
concluded that the particle size is relatively larger with
a negative DC charging voltage than the particles produced with a positive DC charging voltage. The causes
for the formation of different sizes of particles could
be the difference in the plasma electron temperature
and plasma lifetime under different polarity conditions.
The analysis of this is an important part of the present
study. The mean sizes of particles, produced under a
positive and a negative DC charging voltage are found
to be about 10∼20 nm and 30∼50 nm, respectively.
In general, the plasma produced during the wire explosion process is transient in nature and highly dependent on the experimental conditions, viz. the magnitude of the current, applied voltage wave shape, melting point of the conductor, ambient gas composition,
pressure, etc. The plasma generation and expansion
vary depending upon local conditions, which decide the
size and shape of the produced particles. An attempt
has been made to identify atomic and molecular species
through optical emission spectroscopy.
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Fig.4 TEM analysis of particles produced by exploding tungsten conductor in methane ambience (a) 0.025 MPa, (b)
0.05 MPa and (c) 0.1 MPa with different w/ws ratios under positive DC charging voltage

Fig.5 Log normal probability distribution of particles produced under methane pressures of (i) 0.025 MPa, (ii) 0.05 MPa
and (iii) 0.1 MPa with different w/ws of (a) 3, (b) 2 and (c) 1 under positive DC charging voltage (color online)

Fig.6 TEM analysis of particles produced by exploding tungsten wire (with negative DC charging voltage) in methane
ambience (a) 0.1 MPa, (b) 0.05 MPa and (c) 0.025 MPa with different w/ws ratios
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when the charging voltage is negative). Also, when the
amount of energy deposited to the exploding conductor
is lower, the plasma formation and duration of continuous plasma is less for which the sensitivity of the spectrometer to acquire the emitted lines is low and hence
the analysis of the study is carried out with w/ws =3.

Fig.7 Log normal probability distribution of particles produced by exploding tungsten wire (with negative DC charging voltage) in methane (i) 0.1 MPa, (ii) 0.05 MPa and (iii)
0.025 MPa with different w/ws ratios of (a) w/ws = 3, (b)
w/ws =2 and (c) w/ws =1 (color online)

Fig. 8 shows the emission spectra of the plasma produced by the exploding tungsten wire in methane ambience at different pressures of methane with different
w/ws ratios under positive polarity. Intensities of these
transition lines are found to increase with increasing
w/ws ratios. The emission lines were identified using
the NIST atomic and molecular database [13] . The
spectra show WI (neutral tungsten), WII (singly ionized) and CI transition lines. WI transition lines are observed at 457.56 nm, 469.25 nm, 501.5 nm, 508.71 nm,
522.74 nm,
537.56 nm,
551.75 nm,
566.24 nm,
575.48 nm,
581.70 nm,
587.80 nm,
616.23 nm,
627.32 nm, 658.12 nm, 702.5 nm and 775.77 nm. The
WII transition line is observed at 443.56 nm. CI transition lines are observed at 537.56 nm and 566.5 nm,
which coincide with the WI lines.
Fig. 9 shows the emission spectra of the explosion of
the tungsten wire under various pressures of methane
ambience at negative polarity with a constant w/ws
of 3. SARKISOV et al. studied the polarity effect of
an exploding conductor in vacuum and concluded that
the explosion of the metal wire with a positive polarity where the radial electric field pushes electrons into
the wire results in twice as much deposited energy as
with the negative polarity where the radial field expels
electrons from the wires [14] . Even with the amount of
energy deposited during the wire explosion process (under a positive/negative DC charging voltage), the electron dynamics alters the magnitude of the plasma (less
566

Fig.8 Optical emission spectra obtained during the wire
explosion process (with positive DC charging voltage) in
methane ambience of different pressures with different
w/ws ratios (a) w/ws = 1, (b) w/ws = 2 and (c) w/ws = 3,
(i) 0.025 MPa, (ii) 0.05 MPa and (iii) 0.1 MPa (color online)

Fig.9 Optical emission spectra obtained during the tungsten wire explosion (with negative DC charging voltage)
process at different pressures of methane (a) 0.1 MPa, (b)
0.05 MPa and (c) 0.025 MPa (color online)
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Most of the plasma temperature detection is based
on the assumption of LTE [15] . The density of a type
of particles in the excited state ‘m’ in general is given
by
nm =

n0 gm
Em
exp[−
],
z
kβ T

(4)

where n0 is the total density of particles in the plasma,
Em is the excited energy level, Z is the partition function, gm is the statistical weight of the excited energy
level and T is the plasma temperature under the condition of LTE.
Suppose e is the emission coefficient from the upper
energy level m to a lower energy level n, then,
e=

1 ~c
Amn nm ,
4π λ

spectra of WI (575.486 nm) and WII (443.26 nm), the
electron density (ne ) is calculated as
ne =

E ion +Ei −Ea
Ai
Ia
gi
)
× 6.6 × 1021 ×
×
× e(
, (10)
Ii
Aa ga

where Ei and Ea are the energies of the upper states
corresponding to WII and WI emission lines, respectively. Eion is the first ionization potential of tungsten
(Eion =5.886 eV).

(5)

where Amn nm is the transition probability between the
two given states. Substituting Eq. (4) in Eq. (5), we
get,
4πeλ
n0 gm
Em
=
exp[−
].
(6)
~cAmn
z
kβ T
The spectral intensity is directly proportional to the
emission coefficient. A pair of emission peaks at two different wavelengths can be used to estimate the plasma
temperature. Suppose I1 and I2 are the two intensity
peaks, from Eq. (6),
I1
e1
A1 g1 λ1
E2 − E1
=
=
exp[
].
I2
e2
A2 g2 λ2
kβ T

(7)

Thus the plasma electron temperature can be found
by
T =

1
[ E2k−E
]
β
,
I1 g2 A2 λ1
ln[ I2 A1 g1 λ2 ]

(8)

kβ = 0.6950356 cm−1 /K, T − 1.44

E 2 − E1
.
ln[ II12 gA21Ag21 λλ12 ]

(9)

The plasma temperatures are calculated (using Eq. (9))
for different experimental conditions, viz. ambient pressure in the exploding chamber, amount of energy deposited to the exploding conductor (w/ws ratio) and
polarity of the DC charging voltage, by using the values
of λk , Ik , Ek , gk and Ak , which are tabulated in Table
2.
Table 2. Spectroscopic parameters for plasma temperature evaluation
λk (nm)
k=1,2

Ik
k=1,2

Ek (cm−1 )
k=1,2

gk
k=1,2

Ak
k=1,2

575.48
457.56

3148.72
2559.29

32828.12
48078.32

9
5

1.7e+04
1.15e+06

The electron density can be found using the modified
Saha equation, which involves the ion-atom line intensity ratio [16] . Based on the intensities of the emission

Fig.10 Estimation of (i) electron temperature and (ii)
electron density, considering LTE with various pressure values with different w/ws of (a) 3, (b) 2, (c) 1 under positive
DC charging voltage and (d) 3 under negative DC charging
voltage (color online)

Fig. 10 shows the variation in the electron density
and plasma electron temperature at different operating
pressures and for various w/ws ratios during the wire
explosion process. It is observed that the electron density and plasma electron temperature decrease as the
ambient pressure is increased and converse with the increase in the w/ws ratio. The reduction in the plasma
electron temperature may be attributed to the fact that
as the methane pressure increases, the rate of collision
among tungsten atoms and gas atoms also increases [17] .
Increasing the deposition energy to the exploding conductor increases the plasma temperature at a constant
pressure. With more heat energy, the rate of tungsten evaporation also increases, which in turn causes
an increase in the electron density. It is observed that
the plasma temperature and electron density obtained
from the experimental conditions satisfy the McWhirter
criterion, and assure LTE. The McWhirter criterion is
given as
1

2
× ∆E 3 ,
Ne ≥ 1.6 × 1012 × Texc

(11)
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where ∆E (eV) is the highest energy transition for
which the condition holds, and Texc is the plasma temperature [18] .
The mean sizes of the particles produced by the
wire explosion process (Figs. 4 and 6) and the plasma
electron temperatures (Fig. 10(a)) during the tungsten
wire explosion in methane ambience under various experimental conditions, viz., various methane pressures,
amounts of energy deposited on the conductor (w/ws
ratio) and polarity of the applied voltage, are listed in
Table 3. Due to very low intensities of the emission
lines under a negative DC voltage, it was not possible
to capture emission spectra with lower w/ws ratios (viz.
1 and 2). Hence the plasma temperature could not be
calculated for these conditions (Table 3).

the excited tungsten atoms or ions have more chances to
collide with gaseous atoms, thereby transferring energy
to lower the plasma temperature and in turn quenching
the plasma.

Table 3. Calculated mean sizes of the produced particles and plasma electron temperatures under various
experimental conditions
Polarity Methane w/ws Calculated
Mean Geometric
pressure
temperature particle standard
(MPa)
(K)
size (nm) deviation
Positive

0.025 1
2
3
Positive
0.05 1
2
3
Positive
0.1 1
2
3
Negative 0.025 1
2
3
Negative 0.05 1
2
3
Negative 0.1 1
2
3

10478.5
10695.39
10769.67
10005.36
10408.26
10658.63
9398.54
9695.7
9752.32
10585.88
10549.87
10338.88

13
12
10
19
18
17
21
20
18
35
27
22
43
37
28
50
42
38

1.98
2
1.9
2.1
1.9
2.25
2.14
2.27
2.13
2.15
2
2.17
1.8
2.15
2.1
2.14
2
1.9

Lifetime spectra are obtained to understand the variation in the lifetime of tungsten species under different
experimental conditions during the tungsten wire explosion process. Different lifetime spectra corresponding to neutral tungsten (emission wavelength 551.7 nm)
were obtained. The overall lifetime is estimated at an
intensity level of 36.7% against the peak intensity [19] .
Fig. 11 shows the variation in the emission lifetime by
the exploding tungsten conductor in methane ambience
at various ambient pressures and polarities of the DC
charging voltage. It is observed that the plasma lifetime is much lower with a positive DC charging voltage
when compared to a negative charging voltage. It is
also observed that an increase in the operating ambient
pressure decreases the lifetime of the species (Fig. 12).
This could be due to the fact that, at higher pressure,
568

Fig.11 Lifetime spectra obtained during the wire explosion process with w/ws =3 under various pressures of
methane at (a) positive DC charging voltage and (b) negative DC charging voltage

Fig.12 Estimation of emission lifetime of tungsten discharged plasma under various pressures of methane at (a)
positive DC charging voltage and (b) negative DC charging
voltage (color online)

The variations of the plasma temperature with respect to the cooling time are measured using the lifetime data of two WI emission lines corresponding to
551.75 nm and 775.76 nm in Eq. (9) (Fig. 13). It can be
observed that, at a negative polarity, plasma quenches
slowly, compared to a positive polarity. At a negative
polarity, plasma is sustained for a longer time, which
provides enough energy for the nanoparticles to coagulate and condense with each other to form larger sized
particles.
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of the emission lines were found to be very weak at a
negative polarity while compared to a positive polarity.
With an increase in the pressure, the plasma temperature and emission lifetime were found to be reduced.
Plasma was able to be sustained for a longer duration
with a negative DC charging voltage, producing particles of larger size.

Fig.13 Plasma temperature vs. time plot. (a) Positive
DC charging voltage, (b) Negative DC charging voltage
(color online)

The plasma electron temperature and size of particles produced under different experimental conditions
are listed in Table 3. Difference between the plasma
electron temperature (Te ) and room temperature (T )
can be given as
∆T = Te − T.
(12)
Based on Eq. (12), it could be concluded that the variation in the plasma electron temperature will vary the
rate of cooling. Based on the optical studies, it is observed that a decrease in the ambient pressure and
an increase in the w/ws ratio can cause an increase
in the electron temperature during the wire explosion
process (Table 3) and in turn increase the rate of cooling, which allows one to obtain nanoparticles of lower
dimensions. It is observed that the plasma electron
temperature under a positive or negative DC voltage
is almost the same. It is identified that the lifetime
of plasma formed during the wire explosion process is
longer when the polarity of the DC charging voltage is
negative (Fig. 11). Thus, when the lifetime of plasma is
high, the local temperature is retained for a longer time
and could allow the nucleated nanoparticles to collide
and coagulate/condense to form nanoparticles of larger
size. Thus, the size of the nanoparticles formed is large
when the polarity of the DC charging voltage is negative (Table 3).

4

Conclusion

Nano-tungsten carbide particles were produced by
an exploding tungsten conductor in methane ambience
by depositing different levels of energy. The nanoparticles produced were spherical in shape with the mean
particle size ranging about 10∼20 nm at different pressures under a positive DC charging voltage and ranging 30∼50 nm with a negative DC charging voltage.
The optical-emission spectroscopy technique was used
to understand the dynamics of nanoparticle formation
in the wire explosion process. It was observed that
the amount of energy deposited had a direct correlation with the intensity of the emission lines. Intensities
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