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Abstract Combustion reactions of transition metal oxi-

des (WO3, MoO3, Ta2O5, Nb2O5, ZrO2, and TiO2), mag-

nesium, carbon, and sodium fluoride produce a range of

nanostructured transition metal carbides (W2C, Mo2C,

TaC, NbC, ZrC, and TiC) with low amounts of free carbon.

Sodium fluoride improves unfavorable combustion regimes

and facilitates the carburization of metal carbides. The

average particle size of carbides prepared in this study was

below 100 nm in pure phase. The carbides were charac-

terized by X-ray diffraction, scanning electron microscopy,

specific surface area analysis, and carbon analysis.

Introduction

Carbides of transition metals in Groups IV–VI are widely

used in the manufacture of cutting and drilling tools and

wear-resistant parts in many types of machines because of

their attractive properties such as high hardness, wear and

erosion resistance, and stability at high temperatures [1, 2].

Recently, they have also been used as catalysts for manu-

facturing organic materials [3–5].

During the past two decades, substantial efforts have

been devoted to synthesizing nano-sized carbide powders

to obtain carbide materials with a nano-crystalline structure

and considerably improved mechanical properties. Such

powders have two advantages. First, a nano-sized powder

facilitates the formation of a nano-crystalline structure.

Second, nano-sized carbide powders can be used easily to

manufacture sophisticated micro devices such as micro-

drills and micro-knives [6, 7].

Several researchers have used methods such as the

conventional solid-state reactions [8–10], high-energy

mechanical ball milling [11–13], spray conversion [14, 15],

chemical vapor reactions [16, 17], and plasma-assisted

vapor reactions [18, 19] to synthesize nano-sized carbide

powders. These methods can be used to successfully form

nano-sized carbide particles, but they present problems

such as broad particle distribution, high impurity levels,

and high-energy consumption and cannot be employed for

mass production. Further, they do not yield high-quality

carbide powders.

In this study, we employed the method of combustion

synthesis (CS), also referred to as self-propagating high-

temperature synthesis (SHS), for the synthesis of nano-

sized transition metal carbide powders; this method holds

promise as an efficient, energy-conserving technique for

producing refractory carbides, borides, and many other

compounds [20]. Metal oxides have been used in con-

junction with Period III metals such as Na, Mg, and Al to

synthesize carbides by CS, because the reaction between

the metal oxides and the Period III metals produces suffi-

cient amount of heat for carburization to occur [21, 22].

MeO ðmetal oxide)þ Re ðmetal in Period IIIÞ
! Meþ ReOþ Q ð1Þ

Meþ C ðcarbon)þ Q! MeC ð2Þ

Although this method offers the advantage of achieving

carburization with a short, simple reaction, researchers

have pointed out that it cannot be used to successfully form
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nano-sized particles and achieve narrow particle distribu-

tion. In recent investigations, sodium chloride was used as

a diluent reagent in CS, and it was found that this salt offers

various advantages, e.g., it provides easy control of com-

bustion temperature and facilitates diffusion [21, 22].

However, these investigation results still do not provide

an efficient method for synthesizing nano-sized carbide

powders.

Here, we report a simple preparation method of nano-

sized transition metal carbide powders with excellent

physical and chemical characteristics using CS.

Experimental

The raw materials used in this research were metal oxides,

magnesium, carbon black, and sodium fluoride, all of

which had greater than 98% purity. The particle size of the

metal oxides ranged from 0.3 to 0.6 lm. The green mixture

was ball milled with zirconia balls for 12 h and then

stamped into a cylindrical mold with a diameter and height

of 4–5 cm each. The prepared sample was placed in a

combustion reactor, which was then sealed, evacuated, and

filled with argon gas up to the desired pressure (2.5 MPa).

An electrically heated nickel–chromium wire was used to

initiate the combustion reaction, which was completed in a

few minutes.

First, two tungsten–rhenium thermocouples (W/Re-5 vs.

W/Re-20) were inserted into the reaction sample to record

temperature profiles and to calculate the combustion tem-

perature (Tc) and wave combustion (propagation) speed

(Uc). The combustion speed was calculated as Uc = x/

t. The t value is the time interval between the temperature

profiles, and x is the distance between the thermocouples.

A schematic diagram of the combustion reactor used in this

study is shown in Fig. 1.

The by-products (sodium fluoride and magnesium

oxide) of the combustion reaction were eliminated using

distilled water and hydrochloric acid. The final products

were characterized using an X-ray diffractometer (Siemens,

Germany, D-5000), a surface area analyzer (Micromeritics,

U.S.A., ASAP 2010), and a field emission scanning electron

microscope (FESEM; JEOL Japan, JSM 6330F). A carbon–

sulfur determinator (ELTRA CS-800) was used to analyze

free carbon concentration of the final products.

Result and discussion

The combustion reactions of binary and ternary metal

oxides of Groups IV–IV with a stoichiometric concentra-

tion of magnesium and carbon (MeO (metal oxide) ?

Mg ? C) are so highly exothermic that the combustion

temperature of each reaction reaches more than 2000 �C.

Although the temperatures and the amount of heat gener-

ated are theoretically sufficient to accomplish carburization

as mentioned earlier, there are two significant problems in

preparing nano-sized carbide particles via these combus-

tion reactions: rapid particle growth and phase incomple-

tion. Table 1 shows that the reaction of MeO ? Mg ? C

reaches high combustion temperatures of [2100 �C and

Fig. 1 Schematic diagram of

experimental apparatus

Table 1 Products prepared from MeO (metal oxide) ? Mg ? C and

its combustion characteristics

Reactants Tc

(�C)

Uc

(cm/

s)

Particle

size (lm)

Products after

combustion

and acid

treatment

WO3 ? 3Mg ? 0.5C 2800 2.5 [1.0 W, W2C

MoO3 ? 3Mg ? 0.5C [3000 2.4 0.7–5.0 Mo, Mo2C

Ta2O5 ? 5Mg ? 2C 2800 2.4 0.7–3.0 TaC, TaO

Nb2O5 ? 5Mg ? 2C 2800 2.4 0.5–5.0 Nb2C, NbC, NbO

ZrO2 ? 2Mg ? 1C 2000 2.0 [0.5 ZrC

TiO2 ? 2Mg ? 1C 2400 2.5 1.0 TiC
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combustion speeds of [2.0 cm/s. Under these conditions,

particles can grow quickly during the reaction; measure-

ments of the powders from the MeO ? Mg ? C reaction

showed particle sizes of [500 nm. In addition, high com-

bustion temperatures can easily result in the vaporization of

Mg, which has a relatively low boiling point (1100 �C).

The vaporized Mg leads to a high propagation speed, and

some portion of vaporized Mg is vigorously released from

the mixture sample; such strong gas release not only

interferes with the diffusion between the reduced metal and

carbon but also results in insufficient reduction of metals

because of the low Mg concentration in the mixture sam-

ple. Therefore, it is difficult to realize complete carburi-

zation via the MeO ? Mg ? C reaction, and the final

products contain incomplete intermediate phases.

In order to solve the above mentioned problems, we

used NaF as a diluent for CS. Figure 2 shows the com-

bustion temperature and speed measured from the Me

(metal oxide) ? Mg ? C ? aNaF reactions. It was

observed that an increase in the NaF concentration led to a

decrease in the temperature in each combustion system.

Further, each system showed different maximum concen-

trations of NaF which is a maximum capacity that can

make propagation of the mixture (W2C: 8 mol, Mo2C:

8 mol, TaC: 9 mol, NbC: 10 mol, TiC: 2 mol, ZrC:

1.5 mol). This difference in the NaF concentrations is

because of different exothermicities of the chemical

interactions of different metals, i.e., Mg and C. For

example, the calculated exothermicity of the Mo system, in

which a maximum of 8 M of NaF can be introduced, was

-265.22 kcal, whereas that of the Ti system was

-105.87 kcal. The horizontal portion observed at a = 1–2

corresponds to the phase transformation of NaF (from gas

to solid). In addition, notably, the maximum concentration

of NaF is not the optimum condition to prepare single-

phase carbide. This is because at the maximum concen-

tration, the combustion temperature (reaction temperature)

is too low for complete carburization.

Table 2 shows the combustion characteristics and phase

composition of final products prepared from MeO ?

Mg ? C ? NaF. The NaF concentrations of each system

listed in the table are optimized according to the amount of

heat generated from each system and the phase composi-

tion of the final products. With the addition of appropriate

amounts of NaF, the combustion temperature and particle

propagation speed were considerably decreased to within

the range of 1150–1350 �C and 2.0–2.5 cm/s, respectively.

From these data, it can be conjectured that the combustion

regime, once stabilized with NaF, corresponded to steady-

state combustion with no strong gas release. During com-

bustion, NaF was absorbed and considerable amount of the

generated heat was used up as it was transformed into a

liquid, with the result that the combustion temperature of

the reaction was reduced to about 1200 �C. Mg did not

vaporize at this temperature.

Figure 3 shows the FESEM micrograph of acid-treated

products obtained from CS. FESEM, BET, and XRD cal-

culation results, obtained using the Scherrer formula

(r = 0.9k/Bcosq), are listed in Table 2. These results show

that the average particle size of the prepared carbide

powders decreased to 20–100 nm, and that every carbide

powder had uniform spherical particles and a narrow par-

ticle size distribution. This change in particle size was

mainly attributed to the low combustion temperature

achieved by introducing NaF. The FESEM images of W2C

synthesized from the WO3 ? 3 Mg ? 0.5C ? aNaF sys-

tem, shown in Fig. 4, support the size-reduction effect of

NaF. As seen in this figure, the average particle size of

W2C decreased from 2 to 0.1lm with the increase in the

NaF concentration. As mentioned above, an increase in

NaF concentration causes a decrease in combustion tem-

perature (reaction temperature), and the decreased reaction

temperature slows down particle growth after the formation

of metal carbide nuclei.

In addition to decreasing the combustion temperature

and stabilizing the combustion regime, NaF showed

another advantageous effect from the standpoint of carbide

synthesis: it facilitated diffusion. The carburization from

the MeO (metal oxide) ? Mg ? C mixture was mainly a

result of solid-state diffusion. Because of the nature of CS

and the rapid cool-down of the combusted sample, the

diffusion time available for carburization was just

1.0 * 30 s. With such a short reaction time, it is difficult

to realize complete carburization, even at high combustion

temperatures.

The introduction of NaF enabled the synthesis of a

single phase (Table 2); the diffusion between metal and

1 2 3 4 5 6 7 8 9 10
500

1000

1500

2000

2500

3000

T
em

pe
ra

tu
re

 (
o C

)

NaF (mol)

 W2C
 Mo2C
 TaC
 NbC
 TiC
 ZrC

Fig. 2 Dependencies of Tc and Uc on the amount of NaF at

combustion of MeO (metal oxide) ? Mg ? C ? aNaF mixture;

PAr = 2.5 MPa
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carbon was facilitated by the liquid-phase NaF that was

formed during combustion. Figure 5 shows the X-ray dif-

fraction (XRD) pattern of acid-treated products obtained

from CS. Indexing the powder patterns showed that cubic

metal carbide was formed in the case of TaC, NbC, ZrC,

and TiC and that hexagonal W2C and orthorhombic Mo2C

Table 2 Products prepared from MeO (metal oxide) ? Mg ? C ? NaF and its combustion characteristics

Reactants Tc (�C) Uc (cm/s) Calculated particle

size from XRD (nm)

BET (m2/g) Free carbon (%) Products after

acid treatment

WO3 ? 3Mg ? 0.5C ? 7.0NaF 1150 0.1 29 9.964 0.13 W2C

MoO3 ? 3Mg ? 0.5C ? 7.0NaF 1250 0.17 37 12.754 0.05 Mo2C

Ta2O5 ? 5Mg ? 2C ? 8.0NaF 1200 0.06 27 10.856 0.04 TaC

Nb2O5 ? 5Mg ? 2C ?8.0NaF 1210 0.05 42 19.124 0.07 NbC

ZrO2 ? 2Mg ? C ?1.3NaF 1280 0.17 18 45.576 0.05 ZrC

TiO2 ? 2Mg ? C ?1.5NaF 1310 0.1 31 17.759 0.03 TiC

Fig. 3 SEM micrograph of the acid-treated products from combustion of MeO (metal oxide) ? Mg ? C ? NaF mixture: a W2C, b Mo2C,

c TaC, d NbC, e ZrC, and f TiC

J Mater Sci (2011) 46:6000–6006 6003

123



were also formed. In addition, the low concentration of free

carbon indicated that the combustion reaction from the

MeO ? Mg ? C ? NaF mixture has a high degree of

conversion when forming transition metal carbides, as

shown in Table 2.

In the former investigations of CS for carbides (WC and

TiC), the alkali salt used was generally sodium chloride

[22, 23]. NaCl is suitable for providing single-phase

carbides but not for the preparation of nano-sized carbide

particles with narrow particle distribution because it has a

limit to decrease combustion temperature. Figure 6 shows

that the average particle size of WC and TiC powders

synthesized from the NaCl system were 1.0 and 0.3 lm,

respectively. According to former investigations, for TiC,

the maximum concentration of NaCl that can be introduced

into the initial mixture was 0.58 mol and the combustion

temperature in this condition was higher than 1700 �C,

which was too high to allow the formation of nano-sized

particles. On the other hand, up to 2.0 mol of the NaF

system could be introduced and a low combustion tem-

perature of up to 1100 �C could be reached under this

condition. The reason for this result in maximum intro-

ducing concentration and low combustion temperature can

be attributed to the fact that the melting temperature of

NaCl is lower than that of NaF (NaCl melting point:

800 �C; NaF melting point: 1000 �C). When an alkali salt

is used as a diluent for CS, the maximum concentration that

can be introduced into the initial mixture is small when the

melting temperature of the salt is low as compared to that

when the melting temperature is high. This phenomenon

can be understood from the reaction sequence of the

MeO ? Mg ? C ? NaF mixture. The general description

of the reaction sequence is shown in Fig. 7.

When the combustion reaction begins to propagate

along the electric filament and the temperature of the

mixture reaches 600 �C, solid Mg starts to melt (Zone A).

Fig. 4 Microstructure of tungsten carbide powders synthesized from the mixture of WO3 ? 3Mg ? 0.5C ? aNaF : a a = 2.0, b a = 4.0,

c a = 6.0, and d a = 8.0

Fig. 5 X-ray powder diffraction pattern of the acid-treated products

from combustion of MeO (metal oxide) ? Mg ? C ? NaF mixture:

(a) W2C, (b) Mo2C, (c) TaC, (d) NbC, (e) ZrC, and (f) TiC
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As it melts, Mg reacts with MeO to cause reduction in

Zone B. In this zone, heat is produced from the reduction

reaction between MeO and Mg and the temperature of the

mixture increases to the melting point of NaCl or NaF.

Here, because the temperature of the mixture increases in

an instant, some amount of NaCl starts to melt quickly. As

it melts, it blocks the reduction reaction by covering MeO

particles before the melted Mg can reach them. Therefore,

higher the quantity of NaCl introduced, greater will be the

extent of blocking of the reduction reaction. However, NaF

melts slowly and requires long time to cover the MeO

particles because of its high melting point, so that the

quantity of NaF that can be introduced in the mixture is

larger than that of NaCl. Consequently, alkali salts with

Fig. 6 Carbide powders synthesized from NaCl system : a WC and b TiC

Fig. 7 Reaction sequence during the combustion synthesis
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low melting points show a limited capacity in decreasing

the combustion temperature.

Conclusion

We have demonstrated that self-propagating SHS is not

restricted to producing nanostructured carbide powders.

The reactions between a range of metal oxides, magne-

sium, and carbon in the presence of sodium fluoride offer

an efficient, effective method for producing a range of

transition metal carbides. Sodium fluoride improves

unfavorable combustion regimes and facilitates the carburi-

zation of metal carbide. The reaction of the MeO ? Mg ?

C ? NaF mixture yields nano-crystalline materials in the

required temperature range of 1100–1300 �C with low

combustion speeds of 0.05–0.2 cm/s.
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