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Abstract
Tungsten carbide nanopowders were synthesized successfully by electric discharge machining followed by annealing under a nitrogen

atmosphere. The tungsten workpieces were initially melted and evaporated on the working surface during the electric discharge machining

process, and then the tungsten powders were reacted with the carbon electrode and the working medium of kerosene to form the nanocrystalline

WC1�x powders. The powders produced were characterized by XRD, SEM, and TEM. When annealing the powders under an N2 atmosphere, the

cubicphasesofWC1�xgraduallychangedtohexagonalW2Candthenwere transformedfully tonanocrystallinehexagonalWCat1200 8C,withthe

nanocrystalline tungsten carbide encapsulated in a carbon shell. On the other hand, under an H2 atmosphere, the WC1�x phase changed via a

W2C phase to reduced powders of pure tungsten at 1000 8C or were reduced directly from WC1�x to elemental W.

# 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hexagonal tungsten carbide (WC) is an important tool

and die material [1–4] mostly because of its high melting

point (2800 8C), high degree of hardness (Hv = 22 GPa),

high modulus of elasticity (696 GPa), high fracture

toughness (28 MPa m1/2), and good wear resistance over a

wide range of temperatures [5]. WC is a refractory cermet

that has good thermal and chemical stability and is highly

desirable because of the combination of its hardness, good

abrasion and oxidation resistance, a low coefficient of

thermal expansion (5.2 mm/m/K) [5], and a certain amount

of plasticity.

Research into nanosized powders (1–100 nm) has

recently become an important field in materials science.

Nanosized powders have special optical, electronic, thermal,

chemical, and other physical properties—for example,

surface reactivity [6,7]. Recent experiments [8,9] have

shown that WC–Co composites of nanoparticles have
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superior mechanical properties because of their improved

hardness and increased ductility and plasticity. The highly

specific reactivities of the surface areas of nanoparticle WC

have been applied in industrial catalysis as substitutes for

noble metals, such as Pt, Pd, and Ir [8–13].

Conventionally, the process of manufacturing WC is

performed by the direct reaction of carbon and tungsten at a

high temperature (1400–1600 8C) [3]. Three methods are

commonly used to obtain WC powders: (1) Mixtures of

tungsten and carbon powders are sintered in the graphite

tube of induction or electrical resistance furnaces under a

hydrogen atmosphere; (2) tungsten oxides are reacted with

carbon at high temperature; and (3) tungsten powders are

heated under a methane atmosphere. The powder sizes of

WC obtained using these methods are >150 nm [14].

The traditional chemical process for synthesizing

nanoparticle WC powders is the reductive decomposition

of a W-based precursor, followed by its reaction with

carbon [15–24]. Mechanical manufacturing methods have

also been used to mix tungsten powder with carbon black

and then to grind them together in a high-energy ball miller

[25–28]. Metallic tungsten and carbon powders have been
ved.
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Fig. 2. The relationship between the removal rate of materials and the

discharging time (t , min).
simultaneously crushed and reacted at lower temperatures to

form fine WC powders. Cubic WC1�x powders of ultra-fine

size (12 nm) can be produced using an ion-arc method in

which tungsten and graphite electrodes are reacted with one

another [29], but the hexagonal WC phase was not found

when using this method.

Electric discharge machining (EDM) is used to cut and

remove material by arc erosion of all kinds of electro-

conductive materials. During the EDM processing, the

melted work-piece reacts with electrode and then is rapid

solidified in dielectric liquid to form powder debris. The

present study proposes an attractive technique for preparing

nanocrystalline powders of cubic WC1�x and hexagonal WC

by electric discharge machining and annealing processes.

p

2. Experimental

The electric discharge machining of 10-mm diameter

tungsten rods was performed in kerosene fluid using a

graphite electrode and a discharging current of 15–20 A.

The debris was corrected in the fluid, cleaned with acetone,

dried at 100 8C, and then annealed at 800–1600 8C under N2

or H2 atmospheres. The microstructures were observed by

scanning electron microscopy (SEM, JEOL JEM6400). X-

Ray diffraction (XRD, Siemens D5000; Cu Ka radiation)

and transmission electron microscopy (TEM, JEOL AEM

3010; operated at 300 kV) were used to identify the phase

changes before and after annealing for the debris powders.

The powders for TEM analysis were prepared by mixing

small amounts of ethanol (2 mL) and stirring for 1 min. Two

or three drops of the suspension were placed on a Cu

microgrid and then dried well for ca. 5 min before mounting

the microgrid onto the TEM sample holder. The average

particle sizes of the powders were calculated by the Scherrer

formula using the XRD line broadening method [30]:

t ¼ 0:9l

B cos u

where t = the diameter of the crystal particle, l = the wave-

length of the X-ray radiation, B = the full width at half

maximum height, and u = the diffraction angle.
Fig. 1. The relationship between the removal rate of materials and the

polarity.
3. Results and discussions

3.1. The effects of polarity and discharging current on

removal rate of material

The high temperatures (8000–12,000 8C) used during

discharging at the local region causes the work-pieces and
Fig. 3. XRD reflections of the particles (a) of debris, and the particles that

were annealed at (b) 200 8C in air, (c) 800 8C under H2, (d) 1000 8C under

H2, (e) 800 8C under N2, (f) 1000 8C under N2, (g) 1200 8C under N2, and

(h) 1400 8C under N2.
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electrodes to melt and evaporate. The dielectric fluid

expands and applies high pressure (40–50 kg/cm2) to the

melting metal and electrode, which become atomized to

create fine particles. The debris is produced as atomized fine

particles react with the surrounding atmosphere and

condense. In this study, the melted tungsten on the

electric-discharged electrodes in kerosene reacted with

the graphite electrode and carbon arising from the

decomposition of kerosene to form the WC particles. The

quantity of WC particles produced depends on the removal

rate of the material, and other factors, such as the polarity-

discharging current, the discharging time (tp), and the time

of the discharging intermission (tt), that are related to the

removal rate of the material. Fig. 1 provides a comparison of

the removal rates of material between positive and negative

electrodes (15 A) over a discharging time of 30 min, and

indicates that the removal rate of material is higher for

positive electrodes, because of the flow of electrons and ions

[31].
Fig. 4. SEM morphologies for powders (a) of debris, (b) after grindin
In this study, graphite electrodes of negative polarity were

used to obtained WC powders. Fig. 2 displays that the

removal rates of tungsten at a discharging current of 20 A are

higher than at 15 A. The removal rates of tungsten are

proportional to the discharging time; we measured that 22

and 28 g of tungsten were removed at discharging currents

of 15 and 20 A, respectively, during a discharging time of

60 min. The phases and particle sizes examined by XRD are

similar for the debris particles obtained at either of these

discharging currents.

3.2. XRD pattern of powders

The debris obtained from electric-discharge machining

with 10–20 A discharging currents, followed by drying at

100 8C, were examined by XRD. Fig. 3a presents the same

phases as those of fcc WC1�x (JCPDS 20-1316) with a

lattice constant of 0.042 nm. The WC1�x phase is an

interstitial solution of carbon in a fcc tungsten matrix. This
g, and (c) after annealing at 1400 8C under an N2 atmosphere.
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Fig. 5. TEM results for debris powders: (a) bright-field image; (b) diffrac-

tion patterns.
phase is similar to the WC compound obtained from the

arc method [29] and from some of the rapid cooling

experiments, such as splat quenching during thermal

spraying or thin-film deposition during laser cladding

[32–35]. The WC1�x phase is stable above 2525 8C, but

may not be stable at ambient temperature after slowly

cooling [36]. The WC1�x phase reacted with oxygen when

the debris particles were dried at temperatures >100 8C. The

XRD pattern in Fig. 3b reveals that the debris of the WC1�x

phases easily form oxides, such as WO3, when drying at a

temperature of 200 8C in air. This oxidation could be

avoided by using H2 or N2 atmospheres.

3.2.1. Annealing under H2

The XRD patterns in Fig. 3c and d present the phases of

the debris annealed under an H2 atmosphere and indicate

that such annealing causes carbon depletion by the reaction

of hydrocarbons and that the reduction of the WC1�x phases

induces the formation of di-tungsten carbide (W2C) and

tungsten (W) at 800 8C. When the temperature was

increased to 1000 8C, W2C also may reduce to elemental

W, as indicated in Fig. 3d.

3.2.2. Annealing under N2

The WC1�x debris was annealed at 800–1400 8C under

an N2 atmosphere; Fig. 3e indicates that the carbon may not

react and be exhausted when heating this way. From the

phase diagram of W and C [36] below 2520 8C, the stable

phases are W2C and WC, but other WC1�x species may

occur with rapid cooling. The metastable phase of WC first

forms when annealing at 800 8C, as indicated in Fig. 3e. The

large amount of WC may be produced as the temperature

rises up to 1000 8C. When heating to 1200 and 1400 8C,

mostly stable WC phases occurs and these results agree well

with carbon-rich region in the phase diagram. Therefore, the

reaction paths of the high-temperature phases of WC are

proposed as follows:

WC1�x !W2C!WC!W2C!WC (1)

3.3. SEM morphology of powders

The debris of the powders produced by electric discharge

machining has spherical morphology (Fig. 4a). From Fig. 3a,

we know that the XRD phase analysis confirms that the

major phase is WC1�x. Each agglomerated particle has a

diameter of 5–30 mm. The powder debris consists of several

million particles of fine WC1�x and a small amount of

graphite and retained hydrocarbon compounds; all of these

species are connected to one another. The SEM micrograph

in Fig. 4b displays the debris of the powder that was crushed

to break the spherical agglomerates. The large particle

agglomerates have sizes in the range 3–10 mm; irregular

morphologies dominate the structure of the powder debris.

The debris of powders had agglomerates that could be

separated readily, however, through a subsequent annealing.
Fig. 4c displays the loosely agglomerated nanosized WC

particles with rounded morphologies that occur upon

removal of the retained hydrocarbon compounds during

the transformation of the WC1�x crystalline structure to the

WC phase at 1400 8C under an N2 atmosphere (cf. Fig. 3h).

3.4. TEM observations

Fig. 5a and b present a bright-field TEM image and a

selected area diffraction pattern (SADP), respectively, for

the powder debris; cubic WC1�x agglomerates having

rounded shapes and 10–20 nm sizes are observed. The

selected area diffraction ring patterns clearly demonstrate
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Fig. 6. TEM results for the particles annealed at 800 8C under an H2 atmosphere: (a) bright-field image of nanophase cubic WC1�x; (b) SADP; (c) a schematic

diffraction pattern corresponding to the image in (b).
the nanocrystalline nature of the particles. The diffusive

rings of the selected area diffraction pattern (Fig. 5b) suggest

that the amorphous structures consist of retained hydro-

carbon compounds.

Fig. 6a and b present the TEM bright-field image (BFI)

and the SAPD, respectively, of the debris annealed 800 8C
under an H2 atmosphere. The BFI reveals a core-shell

structure and the SADP arises from two phases, i.e., WC1�x

and W, and a double-diffraction effect. Fig. 6c presents an

indexed illustration of the SADP; the smaller full circles

represent the reflection planes of elemental W with zone axis

Z = [1 1 1], and the open circles are double-diffraction

reflections. Therefore, the core-shell structure in Fig. 6a

indicates the decarburized morphology of fcc WC1�x

powders as it becomes bcc elemental W. This phenomenon

indicates that the diffusivity of carbon in tungsten is very

high [37] and that the carbon atoms in tungsten diffuse very

fast to the surface, which results in carbon depletion in the
shell. TEM beams from WC1�x powders coated with

elemental W appear to cause the double-diffraction effect in

the SADP [38]. According to this diffraction pattern

(Fig. 6b), the orientational relationship between WC1�x

and W is ð1 1 0ÞWC1�x
// (1 1 0)W and // ½1 1 1�WC1�x

[1 1 1]W,

which occurs when fcc WC1�x reduces to bcc elemental W.

Combining these results with the XRD examinations

(Fig. 3c and d), the two annealing reaction paths for the

high-temperature phases of WC1�x in an H2 atmosphere are

proposed in Eqs. (2) and (3).

WC1�x !W2C!W (2)

WC1�x !W (3)
Eq. (2) represents the first transformation to W2C and

then reduction to elemental W, and Eq. (3) reflects the direct

reduction to elemental W.

The high-temperature phase of WC1�x may become

transformed to hexagonal WC when annealed at >1000 8C
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Table 1

Average particle size of the WC nanopowders as calculated by the Scherrer

formula

Temperature (8C) Average particle

size (nm)

1200 22

1400 29

1600 34
under an N2 atmosphere, as deduced from the XRD results.

Table 1 lists the average particle sizes for the WC powders as

calculated by the Scherrer formula. As the temperature

increases from 1200 to 1600 8C, the calculated average

particle size increases from 22 to 34 nm. The sizes estimated

from XRD are in good agreement with the sizes derived
Fig. 7. TEM results for the particles annealed at 1600 8C under an N2

atmosphere: (a) bright-field image of nanophase hexagonal WC; (b) the

corresponding SADP of the particle labeled ‘‘b’’ in (a).
from transmission electron microscopy. Fig. 7a and b present

the bright-field image and SADP, respectively, of the WC

powders annealed at 1600 8C under a N2 atmosphere; it

appears that non-aggregated, rounded WC nanoparticles

have formed. The sizes of the nanoparticles are 15–50 nm.

The SADP in Fig. 7b, however, presents the weak reflection

rings of the graphite powders; this image indicates that

nanocrystalline tungsten carbide is encapsulated in a carbon

shell, which is also the species that was found when using

the ion arc method [29].
4. Conclusions

(1) The debris is a high-temperature-stable phase of WC1�x
that is oxidized readily when heating in air.
(2) W
C1�x is transformed to elemental W through two paths

under an H2 atmosphere. In one, WC1�x is reduced

directly to elemental W and, in the other, WC1�x is first

transformed to W2C, which is then reduced to elemental

W at 1000 8C.
(3) W
C1�x is first transformed to the hexagonal W2C phase

when annealed under an N2 atmosphere, and then

gradually it becomes nanoparticular hexagonal WC at

1200 8C. The nanocrystalline tungsten carbide is

encapsulated in a carbon shell.
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