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Abstract Nanosized tungsten carbide powder was pre-

pared by a thermal plasma process using tungsten

hexachloride (WCl6) as the precursor. The reduction and

carburization of the vaporized precursor by methane–

hydrogen mixtures produced nanosized WC1-x powder,

which sometimes contained WC and/or W2C phase. The

effects of the molar ratio of reactant gases, plasma torch

power, the flow rate of plasma gas, and the addition of

secondary plasma gas (H2) on the product composition and

grain size were investigated. The tungsten carbide powder

produced by the plasma process showed particle sizes less

than 20 nm. The produced powder was heated in hydrogen

to fully carburize the WC1-x, and W2C phases to the WC

phase as well as to remove excess carbon in the product.

Finally, WC powder with particle size less than 100 nm

was obtained.

Introduction

Among the hard alloys and refractory carbides, tungsten

carbide has come a long way since its introduction in the

early 20th century. Due to the much-desired properties of

high hardness and good wear resistance, tungsten carbide

has many industrial applications. It is applied to tools in the

metalworking and drilling and mining industries under

high pressure, high temperature, and corrosive environ-

ments. Mechanical properties such as hardness,

compressive strength, and transverse rupture depend on the

composition and microstructural parameters such as the

grain size of WC [1–4]. Previous investigations [5–11] also

have shown that the reduction of tungsten carbide grain

size gives a significant improvement of the mechanical

properties. Thus, the production of nanosized tungsten

carbide powder is critical.

Nanosized powders have been produced by various

methods such as the thermo-chemical spray drying process

[12–13], mechanical alloying (MA) [14–16], and chemical

vapor condensation (CVC) [17]. Recently, an innovative

plasma processing technique has been developed for the

chemical vapor synthesis (CVS) of nanosized powders

[18–21]. CVS is a process for making fine solid particles by

the vapor-phase chemical reactions of precursors. The

thermal plasma process provides a high processing rate as

well as other advantages for the synthesis of nanosized

powder such as high processing temperature up to about

10,000 K to allow the use of a wide range of reactants,

clean reaction atmosphere which is required to process

high-purity products, and a high quenching rate to form

ultrafine powders. Many articles on the thermal plasma

synthesis of metals, ceramics, and composites in recent

years have reported on the advantages of thermal plasma

as one of the most promising methods for the industrial

production of nanosized powders [22–24].

For the preparation of fine tungsten carbide powder,

compounds such as tungsten hexachloride (WCl6) [25],

tungsten hexafluoride (WF6) [26], and tungsten hexacar-

bonyl (W(CO)6) [27] are generally favored as precursors

based on their relatively low evaporating temperatures as

well as the ease of reduction by hydrogen. Several carbu-

rizing agents such as propane (C3H8) [28], acetylene

(C2H2) [29], and methane (CH4) [30–32] have also been

used. Methane is the most commonly used carburizing
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agent because it is most readily available and stable up to a

high temperature [33].

In this work, nanosized tungsten carbide powder was

synthesized by a thermal plasma process using WCl6 as the

precursor. Various processing parameters were emphasized

to optimize the process for the production of nanosized

tungsten carbide powder. The effects of experimental

variables such as the molar ratio of reactant gases, plasma

torch power, the flow rate of plasma gas, and the addition

of the secondary plasma gas (H2) were investigated. The

produced powder, which consisted mainly of WC1-x

phase, was subjected to heat treatment under hydrogen and

the resulting product was analyzed for composition, grain

size, and carbon content.

Experimental

Plasma reactor system was equipped with a plasma gen-

erator with a downward plasma torch, a power supply unit,

a cylindrical reactor, a cooling chamber, a cooling system,

a precursor feeding system, a powder collector, a gas

delivery system, an offgas scrubber containing 5% NaOH

solution, and an offgas exhaust system, as shown in Fig. 1.

The plasma torch consisted of a water-cooled tungsten

cathode and a copper anode nozzle operating at atmo-

spheric pressure. The reactor consisted of a vertical water-

cooled stainless-steel tube of 15 cm inner diameter and

60 cm length and an inner graphite cylinder of 7.6 cm

inner diameter and 60 cm length. Graphite felt was placed

between the graphite tube and the inner wall of the water-

cooled stainless-steel tube for the insulation of the reactor.

The cooling chamber connected to the bottom of the

reactor was a water-cooled two-layer stainless-steel box to

cool the outgoing gas to a temperature lower than 150 �C.

A data acquisition system recorded the temperatures of the

reactor exit gas, the input and output cooling water, and

outgoing gas from the cooling chamber. The precursor

feeding system consisted of an entrained-flow powder

feeder, a vibrator, a carrier gas line, a sample container,

and a water-cooled delivery line through which the pre-

cursor was fed toward the outside boundary of the visible

plasma flame (7 mm diameter) from a distance of 15 mm

near the exit of the plasma torch. Argon (99.9%) and

hydrogen (99.9%) were used as the primary and the sec-

ondary plasma gas, respectively. Argon, used as the

primary plasma gas, was also separately passed through the

powder feeder as the carrier gas as well as an inert gas to

keep the atmosphere in the container inert. Before deliv-

ering the precursor into the plasma flame, the reactor was

heated by the plasma flame generated until its temperature

reached a steady level.

Tungsten hexachloride of 99.9% purity was used as the

precursor. Hydrogen (99.9%) and methane (99.9%) were

used as the reducing and carburizing agents, respectively.

The produced powder was collected using a Teflon-coated

polyester filter with a pore size of 1 lm. The reactor was

purged with an Ar flow of 5 L/min (25 �C, 86.1 kPa total

pressure at Salt Lake City) for 10 min before and after each

experiment. The detailed experimental conditions are dis-

cussed in the Results and Discussion section since these

results were based on various experimental conditions. The

product was analyzed by the use of XRD (Siemens D 5000)

and the morphology with particle size analysis was done by

the use of TEM (JEOL, JEM-3000F). The total carbon

content of the powders was measured with a Carbon

Determinator (LECO CS-444). The grain size of the syn-

thesized powders was calculated from the XRD pattern by

applying the Scherrer equation [34].

Results and discussion

Preliminary experiments

Initial experiments were conducted to find optimum con-

ditions at which tungsten carbide could be produced in

WCl6–H2–CH4 system. The experimental conditions are as

follows; the feeding rate of WCl6 was 3.5 g/min, the flow

rate of Ar–H2–CH4 mixture to carry the WCl6 powder was

4 L/min (25 �C, 86.1 kPa), the applied plasma torch power

was 13 kW, and the flow rate of primary plasma gas (Ar) to

generate plasma flame was controlled at 38 L/min (25 �C,

86.1 kPa) in which no secondary plasma gas (H2) was

used.

Fig. 1 Schematic diagram of the plasma reactor system: (1)

entrained-flow powder feeder of WCl6, (2) plasma gun, (3) cylindrical

reactor, (4) cooling chamber, (5) powder collector, (6) scrubber, and

(7) Bunsen burner
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The main product under these conditions was WC1-x

with small amounts of W2C and WC phases, as shown in

Fig. 2. This result is consistent with the phase diagram

available in the literature [35], which indicates that WC1-x

is likely the first stable solid tungsten carbide phase formed

as the W-C liquid solution cools toward solidification at

2,710 �C. After the initial formation the WC1-x phase may

be carburized to WC. Further, this phase decomposes into

WC and W2C phases below 2,530 �C. However, the rapid

quenching of the produced particles, which provides little

time for either decomposition or further carburization,

resulted in the WC1-x phase remaining as the major phase

in the collected product. Figure 2 also shows the XRD

patterns of the products obtained with different CH4/H2

ratio in the feed stream. Crystalline phases were identified

by comparing the experimental data with the Joint Com-

mittee of Powder Diffraction Standards (JCPDS) files from

the International Center for Diffraction Data. The amount

of W2C and WC decreased as the CH4/H2 ratio was

increased and when CH4 alone was used as the reaction

gas, the product was WC1-x. The grain size of WC1-x,

13 ± 1 nm, decreased to 9 ± 1 nm when no H2 was used.

The results of these experiments indicated that methane

alone was enough to reduce and carburize tungsten hexa-

chloride to tungsten carbide. Thus, the subsequent

experiments were performed without the hydrogen addition

in the feed stream. Further, these and the subsequent

experiments showed that the conversion of WCl6 to tungsten

carbides was complete in the plasma reactor as long as

methane was added in excess of the stoichiometric amount.

The results obtained from the preliminary experiments

conducted in the thermal plasma process showed a con-

siderable promise compared with other conventional

processes, owing to the high temperature generated by the

plasma flame to rapidly volatilize the precursor (WCl6) and

the rapid quenching of the product to yield nanosized

tungsten carbide powder.

Other factors that significantly affect the WC1-x for-

mation were further tested, as described below.

Effect of plasma torch power

Experiments were conducted to investigate the effect of

plasma torch power by varying it from 11 to 32 kW while

maintaining all other conditions constant [flow rate of

primary plasma gas (Ar) of 57 L/min (25 �C, 86.1 kPa) in

which no secondary plasma gas (H2) was used, WCl6
feeding rate of 3.5 g/min, C/W ratio of 6.3, and flow rate of

Ar–CH4 mixture to carry the WCl6 powder was 2.5 L/min

(25 �C, 86.1 kPa) with no H2]. The ratio of H2 produced

from CH4 to H2 required to reduce WCl6 was 4.2 at the

C/W ratio of 6.3. The pressure in the reaction chamber was

always 86.1 kPa. Figure 3 shows the XRD patterns of the

products obtained with different power levels of the plasma

torch. The main product was WC1-x and the amounts of

WC and W2C were small in all cases. The grain size of

WC1-x obtained at a power level of 11 kW was 8 ± 1 nm

and increased to 16 ± 1 nm as the applied power was

increased to 19 kW or higher, up to 32 kW. The particle

size of WC1-x was also examined using TEM micrographs.

Figure 4 shows that the particle size of WC1-x obtained at

a power level of 11 kW was less than 10 nm and it

increased to about 20 nm at an increased plasma torch

power of 32 kW. The morphology of produced particles

was mostly round. It is noted that these values are from

measurements on a rather limited number of particles. The

particle size obtained from the TEM micrograph was close

to the grain size calculated from the XRD results. Thus, the

particles produced by the plasma process seem to be single

crystals and it is reasonable to use the calculated grain size

from the XRD results as the particle size. Since excess

methane was used in the reaction, free carbon was also

present in the product.

Effect of plasma gas flow rate

Experiments were performed to determine the effect of

plasma gas flow rate by varying the flow rate of the primary

plasma gas (Ar) from 29 L/min (25 �C, 86.1 kPa) to 75

L/min (25 �C, 86.1 kPa) in which no secondary plasma gas

(H2) was used under otherwise identical conditions [plasma

torch power of 13 kW, WCl6 feeding rate of 3.5 g/min,

C/W ratio of 6.3, and flow rate of Ar–CH4 mixture to carry

the WCl6 powder of 2.5 L/min (25 �C, 86.1 kPa) with no

H2]. The main product was WC1-x with a small amount of

WC, as shown in Fig. 5. Although small in all cases, the

amount of WC decreased as the plasma gas flow rate was

Fig. 2 X-ray diffraction patterns of the products obtained with

different CH4/H2 ratios: (a) [CH4/H2] = 0.5, (b) [CH4/H2] = 1, and

(c) only CH4
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increased. This reduced the time for WC1-x to be further

converted to WC. The grain size of WC1-x obtained at the

plasma gas flow rate of 29 L/min (25 �C, 86.1 kPa) was

15 ± 1 nm and decreased to 9 ± 1 nm when the plasma

gas flow rate was increased to 75 L/min (25 �C, 86.1 kPa),

as shown in Fig. 6.

Effect of secondary plasma gas (H2) addition

Experiments were conducted to evaluate the effect of

adding hydrogen in the plasma flame while keeping all

other conditions the same [flow rate of the primary plasma

gas (Ar) of 29 L/min (25 �C, 86.1 kPa), C/W ratio of 6.3,

WCl6 feeding rate of 3.5 g/min, and flow rate of Ar–CH4

mixture to carry the WCl6 powder of 2.5 L/min (25 �C,

86.1 kPa) with no H2]. The addition of secondary plasma

gas (H2) into the plasma flame plays an important role to

increase the plasma flame temperature as well as to enlarge

the high-temperature region [36]. The secondary plasma

gas (H2) was added at a composition of Ar-2 mol% H2 or

Ar-7 mol% H2 in the plasma flame, which resulted in a H2

flow rate of 0.66 L/min (25 �C, 86.1 kPa) or 2.1 L/min

(25 �C, 86.1 kPa), respectively. The applied power of the

plasma torch was 13 kW when no secondary plasma gas

(H2) was added and increased to about 18 kW when the

secondary plasma gas (H2) was added at 0.66 L/min

(25 �C, 86.1 kPa) or 2.1 L/min (25 �C, 86.1 kPa). From

the results, the predominant phase obtained under these

conditions was WC1-x with a small amount of WC, as

shown in Fig. 7. The grain size of WC1-x was 15 ± 1 nm

when no secondary plasma gas (H2) was added and

increased to 18 ± 1 nm when the secondary plasma gas

(H2) was delivered at 0.66 L/min (25 �C, 86.1 kPa).

However, the grain size decreased to 16 ± 1 nm when the

secondary plasma gas (H2) was increased to 2.1 L/min

(25 �C, 86.1 kPa). The maximum amount of WC was

observed when the secondary plasma gas (H2) was deliv-

ered at 0.66 L/min (25 �C, 86.1 kPa). The addition of the

Fig. 3 X-ray diffraction patterns of the products obtained from (a)

11 kW, (b) 15 kW, (c) 19 kW, (d) 25 kW, and (e) 32 kW

Fig. 4 TEM micrographs of

WC1-x nanopowder synthesized

at different power levels of

plasma torch: (a) 11 kW and (b)

32 kW

Fig. 5 X-ray diffraction patterns of the products obtained with

various flow rates of primary Ar: (a) 29 L/min (25 �C, 86.1 kPa), (b)

38 L/min (25 �C, 86.1 kPa), (c) 48 L/min (25 �C, 86.1 kPa), (d)

57 L/min (25 �C, 86.1 kPa), and (e) 75 L/min (25 �C, 86.1 kPa)

5188 J Mater Sci (2008) 43:5185–5192

123



secondary plasma gas (H2) into the plasma flame promoted

further conversion of WC1-x to WC, which resulted from

the increased reaction time provided by the expanded flame

length. Each of the runs was repeated 2 or 3 times, and thus

the variation in grain size and product composition is

reproducible. However, since the differences were rather

small, no further examination of the reasons for the vari-

ation was performed.

Effect of methane concentration in the feed stream

Free carbon was always present in the product since excess

methane was used in the reaction. Thus, the effect of

methane concentration in the feed stream was investigated

by varying the C/W ratio from 6.3 to 1.5 while maintaining

all other conditions constant [WCl6 feeding rate of

3.5 g/min, flow rate of Ar–CH4 mixture to carry the WCl6

powder of 2.5 L/min (25 �C, 86.1 kPa) with no H2, plasma

torch power of 13 kW, and flow rate of the primary plasma

gas (Ar) of 57 L/min (25 �C, 86.1 kPa) in which no sec-

ondary plasma gas (H2) was used]. In case of the lowest

C/W ratio, the ratio of H2 produced from CH4 to H2

required to reduce precursor was unity. Figure 8 shows the

XRD patterns of the products obtained with different C/W

ratios in the feed stream. The main product obtained under

these conditions was WC1-x with a small amount of W2C

or WC. The formation of WC was suppressed and the

presence of W2C was observed as the methane concen-

tration in the feed stream was decreased. The grain size of

WC1-x was 13 ± 1 nm at C/W ratio of 6.3 and it was not

affected by decreasing the methane concentration in the

feed stream within the range tested. The weight percent of

carbon in the product was converted to percent (%) excess

carbon, which is defined as the percentage of the excess

carbon over the corresponding stoichiometric amount if all

W was present as WC. The % excess carbon in the product

obtained at a C/W ratio of 6.3 in the feed stream was 219%.

It decreased to 26% as the C/W ratio in the feed stream was

decreased to 1.5. The presence of free carbon was still

observed even at the lowest C/W ratio in the feed stream.

However, the free carbon also can be removed by post-

treatment using hydrogen gas as discussed in the following

section.

Removal of free carbon from the produced powder

As mentioned in the previous section, free carbon was

always present in the produced powder since excess

methane was used in the reaction. Thus, the powder

obtained from the plasma reactor was placed in a ceramic

boat, which in turn was placed in a tube furnace under H2

Fig. 6 Effect of plasma gas flow rate on the grain size of WC1-x

Fig. 7 X-ray diffraction patterns of the products obtained with

various flow rates of the secondary plasma gas (H2): (a) 0, (b) 0.66

L/min (25 �C, 86.1 kPa), and (c) 2.1 L/min (25 �C, 86.1 kPa)

Fig. 8 X-ray diffraction patterns of the products obtained with

different C/W ratios in the feed stream: (a) 6.3, (b) 4.6, (c) 2.5, and (d)

1.5
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atmosphere. The effect of hydrogen heat treatment on the

product composition, grain growth, and carbon content was

investigated. The amount of powder treated was 10 g, the

treatment temperature was 900 �C, which was low enough

to prevent rapid grain growth of particles, the ramping rate

of tube furnace to increase the temperature up to 900 �C

was 10 �C/min and the cooling rate to room temperature

was also 10 �C/min, and hydrogen was flowed at a rate of

0.5 L/min (25 �C, 86.1 kPa) after the temperature reached

900 �C. The result showed that the unreacted WC1-x and

W2C phases were fully carburized to WC phase during this

post-treatment, as shown in Fig. 9. It is likely that the

carburization of WC1-x and W2C phases to fully carbu-

rized WC phase occurs at this temperature by highly

mobile hydrocarbon, mainly CH4 formed during the

hydrogen post-treatment, which reacts with WC1-x and

W2C particles.

The excess carbon in the product, 213.5% before the

treatment was completely removed after the powder was

treated for 5 h, as shown in Fig. 10. The grain size of

WC1-x was 13 ± 1 nm before the treatment and WC

powder with grain size of 36 ± 1 nm was obtained after

the treatment. Figure 11 shows the TEM micrographs of

WC1-x powder obtained at 13 kW torch power and the

WC powder obtained after the hydrogen heat treatment for

5 h. The particle size of WC1-x powder was less than about

20 nm before the treatment and the particle size of WC

obtained after the treatment was less than about 100 nm

from measurements on a limited number of particles. As

shown in the TEM micrograph, grain growth and

agglomeration of particles were observed after the treat-

ment. Since the grain growth occurred during the treatment

at this temperature, the powder obtained from the plasma

reactor was also treated at 800 �C. Figure 12 shows the

XRD patterns of the products obtained from 2 and 5 h of

hydrogen treatment at 800 �C. The main product after the

treatment was W2C with a small amount of WC, which

already existed before the treatment. It can be seen that at

this temperature WC1-x was decarburized to the W2C

phase rather than being carburized to the WC phase, even

though excess carbon was present during the hydrogen

treatment. The % excess carbon, as defined in the previous

section, in the product before the treatment was 213% and

decreased to -39% after the powder was treated for 5 h at

800 �C. From the results, it was considered that the post-

treatment temperature of powders obtained from the

plasma reactor should be higher than 900 �C to produce the

fully carburized WC phase.

Conclusion

Nanosized tungsten carbide powder was obtained by a

thermal plasma process using tungsten hexachloride

(WCl6) as the precursor. The experimental results showed

that nanosized WC1-x powder, which sometimes contained

small amounts of WC and/or W2C phase, can be synthe-

sized using WCl6 and CH4 as the starting materials by the

thermal plasma process. The amounts of WC and W2C in

the product decreased with an increase in the plasma torch

power and the plasma gas flow rate. The particle size of

WC1-x was affected by plasma torch power, the plasma

gas flow rate, and the addition of secondary plasma gas

(H2), but not by the methane concentration within the range

tested. The produced WC1-x and W2C phases were car-

burized to the fully carburized WC phase and excess

carbon in the product was completely removed by the

hydrogen post-treatment at 900 �C. The particle size of

Fig. 9 X-ray diffraction patterns of the products obtained with

different hydrogen treatment times at 900 �C using the powder

produced from the plasma reactor: (a) before treatment, (b) 1 h, (c)

2 h, (d) 3 h, and (e) 5 h

Fig. 10 Effect of hydrogen heat treatment time at 900 �C on the %

excess carbon
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WC1-x obtained by the thermal plasma process was less

than about 20 nm and WC powder having particle size less

than 100 nm with grain size less than 40 nm was obtained

after the hydrogen post-treatment of the produced WC1-x

powder. The CVS conducted in a thermal plasma system

has confirmed its feasibility for the preparation of nano-

sized powders. This process is also suitable for large-scale

production of nanosized tungsten carbide powders since the

plasma process can work continuously.
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