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a b s t r a c t
Due to the weak properties of W2C phase, its formation during the process of WC synthesis should be
prevented. The aim of the present study has been the mechano-chemical synthesis of a WC–Al2O3 composite
powder free from undesirable W2C phase through the addition of excess carbon to the WO3–2Al–C initial
mixture. Based on the thermodynamic calculations and results of the supplementary experiments in W–yC
and W2C–C systems, the possibility of the conversion of W2C to WC phase through the addition of excess
carbon has been investigated. It has been shown that production of a WC–Al2O3 composite powder by
360 min mechano-chemical treatment of an initial mixture of WO3–2Al–1.8C is possible. TEM observations
and Williamson–Hall calculation revealed that the obtained WC–Al2O3 powder contains macro-size agglomerates in which each agglomerate consists of nano-size phases.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Due to the strong W–C chemical bond, tungsten carbide (WC)
and/or its composites can be used in a wide range of applications
where the properties such as high hardness, high fracture toughness
and good thermal stability are needed [1,2]. These speciﬁcations of
WC would be improved when the size of its particles or grains falls
into the nano range [3].
Ordinary method of WC production is the controlled solid-state
reaction between W and C. This process requires a very long time of
heating at high temperatures [1]. Such conditions bring about two
disadvantages:
- The produced WC becomes expensive.
- The size of particles or grains becomes large (macro-sized).
In order to decrease the fabrication cost and particle or grain size
of WC, researchers have proposed the use of different types of new
materials such as tungsten salts [4] and tungsten oxide [1] as well
as new production routes such as microwave synthesis [5] and
Mechanical Alloying (MA) [6]. Compared to other synthesis processes,
mechanical alloying is a simple and cheap one. During MA process,
energy transfers from moving balls to the powder and conducts various
phenomena (e.g. materials reﬁnement, extension of the solid solubility
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limits, inducement of the chemical reactions and etc.) at room temperature [7,8].
Nano-size WC and/or its composite powders have been synthesized
via three different mechano-chemical routes, by use of different raw materials. These routes are I) long time milling of commercial (macro-size)
WC powder [9], II) milling of elemental W with C [9,10] and III) milling of
tungsten trioxide [11–15] and even tungsten ores [16,17] (e.g. scheelite)
with C in the presence of a reducing agent (mostly Al and Mg).
Among the synthesis routes mentioned above, the latter one is
seemingly the most promising case; because it has the lower
production cost. This is related to the lower price of tungsten trioxide
or tungsten ores in comparison with elemental W. The product
(e.g. WC–Al2O3 and WC–MgO composite powders) could be consolidated for use in several industrial applications such as wear and heat
resistant parts as well as cutting and machining tools [12,18–22].
Nevertheless, Al2O3 or MgO can be separated through leaching by
adequate leachants under appropriate conditions [11].
Mechano-chemical reactions in the WO3–C–R (R: reducing agent)
mixtures have been examined by El-Eskandaray and Zakeri as well as
authors of the present work. It has been shown that the reactions
start with the highly exothermic reduction reaction of WO3.
El-Eskandaray [11,12] has reported that the reduced tungsten
would react subsequently with carbon to produce WC. Zakeri [13]
reported the formation of W2C phase as a consequence of powder
in-homogeneity. Formation of W2C phase has also been observed in
our previous research work [14,15]. In our opinion, the presence of
W2C in the product is related to the high thermodynamic stability
of W2C phase at high temperatures resulted from the heat of
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aluminothermic reduction reaction as well as the occurrence of
carbon deﬁciency phenomenon in the system due to occurrence of
simultaneous reduction reaction of WO3 by carbon, which becomes
activated at high temperatures. Since the properties of W2C phase
are inferior to WC [1], presence of this phase in the product is
undesirable.
On the basis of our above justiﬁcation, synthesis of WC compound,
free from W2C, is logically expected via one of the following routes:
A) Decreasing the mixture maximum temperature which could increase the thermodynamic stability of WC phase and also could
cease the carbothermic reduction reaction of WO3. This route
has been presented in our previous published work [15] where
decreasing the mixture maximum temperature was achieved
by 1) separation of aluminothermic reduction and carbide
formation reactions and 2) spreading the reaction heat over
the time by conducting the reduction reaction stepwise.
B) Using extra amounts of carbon in the initial mixture. The role of
excess C would be the compensation of the carbon loss as well as
decreasing the mixture maximum temperature due to the absorption of heat released from alumonithermic reduction reaction.
In the present research work, the applicability of route B for
mechano-chemical synthesis of nano-size WC–Al2O3 powder from
WO3–2Al–(1 + x)C mixtures has been examined. For this purpose,
various WO3–2Al–(1 + x)C mixtures have been milled. Supplementary tests on the W–yC and W2C–C mixtures were also performed in
order to clarify the occurred reactions in the WO3–2Al–(1 + x)C
mixtures. Finally, the size and distribution of the product have been
examined by a TEM instrument and Williamson–Hall [23] method.
2. Experimental procedure
Speciﬁcations of the starting materials used in this work, are given
in Table 1. For each run of experiments, required amounts of the reactant powders were mixed by hand and transferred to the milling pots.
Milling experiments were performed in cylindrical zirconia pots
(45 cm 3 inner vol.) by use of a planetary ball mill (Pulverisette-7,
Fritsch, Germany). Seven zirconia balls (15 mm diameter) were
used for milling and no Process Control Agent (PCA) was added to
the mixture. Milling operation was performed under air atmosphere
and at room temperature. Ball to powder mass ratio and milling
speed were ﬁxed at 25:1 and 700 rpm, respectively. Samples were
milled for up to 840 min with 15 min milling followed by 15 min
holding. For the samples milled for less than 15 min, no holding
times were considered.
Probable evolution of CO and CO2 gases during milling course was
checked during holding time by use of Permeation Tube (GASTEC,
Japan) method. Analysis of total carbon in the products was performed
by use of Yanaco CHN Corder type MT-6 analyzer. Carbon loss percentage (wt.%) was calculated by comparing the measured amount of total
C with the amount of C in the initial mixture.
Milling products were examined by X-ray diffraction instrument
(XRD, Rigaku, RINT-2200/PC System) with Cu–Kα radiation. Attached
to the pot Thermo Labels (NICHIYU GIKEN KOGYO Co, Japan) were
used to observe the changes of pots outside temperature (Tout). MSR
(Mechanically-induced Self-propagating Reaction) mode reactions [24]

Table 1
Starting material speciﬁcations.
Material

Supplier

Art no.

Tungsten trioxide
Carbon
Aluminum
Tungsten
Alumina

ALDRICH (Germany)
Wako (Japan)
Wako (Japan)
Wako (Japan)
Wako (Japan)

232785
070‐01325
014‐01785
202‐03442
012-01965

Fig. 1. Variation of the temperature of pots outside wall (Tout) during mechano-chemical
experiment. ×: Gradual (W–C mixture) and □: Rapid (WO3–2Al–C mixture) mode.

were distinguished from gradual ones by the methods employed by
Takacs [25], Mingliang [26] and Mulas [27] where sharp changes in
XRD patterns of milled sample together with rapid increase of Tout
have been considered as signs of MSR reactions. Ignition time (tig) of
the MSR reaction (i.e. incubation period before vigorous chemical reaction starts [24]) was estimated by the observation and comparison of
recorded values of Tout at the end of successive milling periods. Since
observation of thermo labels during milling periods is not possible, an
exact value for tig cannot be mentioned. It is only possible to state
that tig lies between the beginning and termination time of a speciﬁc
milling period during which rapid increase of Tout was observed.
Size and distribution of particles were observed by means of a
Zeiss 200 kV transmission electron microscope (LEO-922). For this
purpose, the powder was dispersed in ethanol (Wako 050‐00446)
and mounted on a copper grid.
Williamson–Hall method was used for the calculation of crystallite
size and lattice strain [23]. For this purpose, XRD patterns were
obtained by step scan mode (range of measurement: 20°–80°,
holding time at each step: 5 s, increment: 0.02°). The peak ﬁtting was
done by the “powder cell” freeware software [28]. A sample of analytical alumina was annealed (heated up to 1300 °C, held for 120 min and
then cooled at a rate of 2 °C/min) and used to eliminate the instrumental broadening [29] effect. The obtained Caglioti's [30] parameters of
annealed alumina are as follows: U = 0.0011, V= 0.0000, W = 0.0146.

3. Results and discussion
Fig. 1 shows some examples of Tout variation during the Gradual
(A) and MSR (B) mode reactions. For all samples, type of temperature
Table 2
Observations and experimental results of all studied samples.
Mixture

Temperature rise Evolved gas tig range (min) C loss (mass %)

WO3–2Al–C
WO3–2Al–1.4C
WO3–2Al–1.8C
W–0.25C
W–0.5C
W–0.75C
W–C
W2C–C

Rapid
Rapid
Rapid
Gradual
Gradual
Gradual
Gradual
Gradual

CO
CO
CO
–
–
–
–
–

5–7
7–10
10–12
–
–
–
–
–

~50
~40
~30
0
0
0
0
0
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rise, gas generation state, range of tig and amount of carbon loss
(wt.%) are speciﬁed and summarized in Table 2.
XRD patterns of WO3–2Al–C, WO3–2Al–1.4C and WO3–2Al–1.8C
mixtures after different milling times are presented in Figs. 2, 3 and
4, respectively. As the ﬁgures show, the ﬁrst effects of milling are
decreasing the peak heights (intensities) as well as broadening the
peaks (compare Figs. 2-a, 3-a and 4-a with Figs. 2-b, 3-b and 4-b,
respectively). These phenomena are attributed to the crystallite reﬁnement and amorphization [31].
After this stage, the chemical reactions occurred in the mixtures
and new peaks have appeared (see Figs. 2-c, 3-c and 4-c). Rapid
changes of XRD patterns together with fast increase of Tout (Table 2)
reveal that the mode of reactions occurring in the WO3–2Al–(1 + x)
C (x = 0, 0.4 and 0.8) mixtures is MSR. Table 2 shows that the MSR
mode of reaction is postponed by increasing the amounts of carbon
in the mixtures. This phenomenon could be related to the isolating
function of carbon particles, i.e., locating of C species between WO3
and Al particles and hampering the WO3–Al reaction. Similar
phenomenon has been observed during mechano-chemical synthesis
of Al2O3–NbC powder where addition of Al2O3 powder to system
retards the reaction [32]. Evolution of CO gas (see Table 2) shows
that in all three mixtures, the released heat of the aluminothermic
reaction has activated the carbothermic reduction reaction (reaction 1).
WO3 þ 3C ¼ W þ 3COðgÞ

ð1Þ

Figs. 2-c, 3-c and 4-c show that the type of main carbide phases in
the products is related to the initial amount of carbon in the mixture
and by increasing the carbon amounts, WC amounts increase. The
reasons could be mentioned as follows:

Fig. 3. XRD patterns of WO3–2Al–1.4C mixtures after different times of milling. Indicated
milling time is a cumulative value.

1- Higher C amounts in the mixture, would decrease the chance of Al
and WO3 particles to collide each other. This, in turn, would

Fig. 2. XRD patterns of WO3–2Al–C mixtures after different times of milling. Indicated
milling time is a cumulative value.

Fig. 4. XRD patterns of WO3–2Al–1.8C mixtures after different times of milling. Indicated
milling time is a cumulative value.
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decrease the rate of aluminothermic reduction reaction and consequently the amount of heat released. Hence, presence of more
carbon in the system alleviates heat accumulation [33] and
lowers the system maximum temperature. Decrease of the temperature would increase the thermodynamic stability of WC [34]
(see Fig. 5).
2- Higher C amounts in the mixture, would absorb the heat of
aluminothermic reduction reaction (e.g. decrease the system maximum temperature) and increase the thermodynamic stability of
WC (see Fig. 5).
3- Formation of W2C, WC or W2C/WC mixtures could also be caused
by carbon loss [14,15] phenomenon (see Table 2) in the mixture.
The results of supplementary tests (Table 2 and Fig. 6) on the
W–yC (y = 0.25, 0.5, 0.75 and 1) mixtures show that milling of
various W–yC mixtures brings about the gradual formation of
W2C, W2C/WC and WC phases, depending on the carbon amount
in the mixture (reactions 2 and 3).
W þ 0:5C ¼ 0:5W2 C

ð2Þ

W þ C ¼ WC

ð3Þ

This means that for the formation of 1 mol of WC, one carbon mole is
necessary [9,10] and carbon insufﬁciency would inevitably lead to the formation of W2C compound [35,36]. As seen in Table 2, the remaining carbon (after the termination of experiment) has been decreased from 1 to
0.5, from 1.4 to 0.84 and from 1.8 to 1.26 in WO3–2Al–C, WO3–2Al–1.4C
and WO3–2Al–1.8C mixtures, respectively. Hence, formation of different
types of carbides in the mentioned mixtures is understandable.
Regarding to Figs. 2, 3 and 4, continuation of milling of the WO3–
2Al–(1 + x)C mixtures brings about some changes in XRD patterns. In
the case of WO3–2Al–C mixture, the only effects of milling are the decrease of the peak heights (intensities) as well as peak broadening
which indicate crystallite reﬁnement and amorphization phenomena
[31]. For WO3–2Al–1.4C mixture, milling brings about increase of the
WC phase at the expense of the W2C phase. The results of supplementary tests on the W2C–C mixture (Fig. 7) may help to explain this
phenomenon. As it could be seen in Fig. 7, milling of W2C–C mixture
yields the formation of WC phase (reaction 4).
W2 C þ C ¼ 2WC

ð4Þ

Fig. 6. XRD patterns of W–yC (y = 0.25, 0.5, 0.75 and 1) mixtures after 480 min of
milling.

previously formed W2C with unconsumed carbon in the mixture
[35]. Presence of W2C peaks in Fig. 3-e reveals the insufﬁciency of
carbon left in the mixture for the completion of reaction 4. Increase
of WC amount after a long time of milling, is also presented in Fig. 4
(WO3–2Al–1.8C mixture). XRD patterns of this case reveal that W2C
phase has been eliminated after 360 min of milling indicating that
excess carbon in the mixture has been enough for the completion of
reaction 4. Gradual changes of XRD patterns together with slow
rises of pots outside temperatures during the conversion reaction of
W2C phase to WC (reaction 4) reveal that the type of this exothermic
reaction (ΔH 0298 = − 54 kJ) is gradual.
BF-TEM images of produced WC–Al2O3 powder are shown in
Fig. 8. This ﬁgure shows that the powder contains large agglomerates

Hence, increase in the amount of WC phase with continuation of
milling of WO3–2Al–1.4C mixture is related to the reaction of

Fig. 5. Comparison between thermodynamic stability of WC and W2C over a wide
range of temperature.

Fig. 7. XRD patterns of W2C–C mixtures after different times of milling. Indicated milling
time is a cumulative value. W2C phase, used here, was ﬁrst mechano-chemically synthesized from W–0.5C mixture (see Fig. 6).
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respectively. These amounts verify the TEM observations and show
that the product contains nano-size phases.
4. Conclusion
Formation of W2C compound during mechano-chemical synthesis
of WC phase has been reported by various researchers. Since the
properties of W2C phase are inferior to WC, in this research work
the effect of excess carbon addition to WO3–2Al–C mixture on the
conversion of W2C to WC phase during mechano-chemical synthesis
of nano-size WC–Al2O3 composite powder has been investigated.
Supplementary tests on W–yC and W2C–C systems have also been
performed to clarify the reaction mechanism.
Experimental results showed that the types of occurred reactions
in the WO3–2Al–(1 + x)C mixtures are MSR. The observed evolution
of CO gas during the reactions is related to the activation of
carbothermic reduction reaction of WO3 at high temperatures
resulted from the large amount of heat released by aluminothermic
reduction reaction. It has been concluded that the excess carbon promotes the WC formation through the following routes:
- Excess carbon might decrease the intensity of heat release in the
mixture through the absorption of some heat of aluminothermic
reduction reaction. This phenomenon would decrease the mixture
maximum temperature and hence, increases the thermodynamic
stability of WC phase.
- Excess carbon compensates the carbon loss resulted from the side
carbothermic reduction reaction of WO3 in the mixture. Hence,
the amount of carbon in the system would be enough to yield
WC phase.

Fig. 8. BF-TEM images of WC–Al2O3 powder produced via 360 min milling of WO3–
2Al–1.8C mixture.

while each agglomerate consists of nano-size particles. Fig. 8 also
shows that the produced composite powder has a good homogeneity.
The Williamson–Hall plot of WC–Al2O3 powder produced via
360 min milling of WO3–2Al–1.8C is presented in Fig. 9. Since the intensity of alumina peaks in the XRD patterns is low, calculations are
not accurate for this compound. It may be assumed that values of
crystallite size and lattice distortion of Al2O3 phase are around those
of WC phase. Fig. 9 shows that the calculated values of crystallite
size and lattice distortion of WC phase are 16 nm and 0.2%,

Fig. 9. Williamson–Hall plot for WC–Al2O3 powder obtained via 360 min milling of
WO3–2Al–1.8C mixture.

The obtained results showed that a W2C free product can be
achieved when an initial mixture of WO3 − 2Al– 1.8C is used. BF-TEM
images and Williamson–Hall calculation showed that the produced
WC–Al2O3 powder contains nano-size phases. Crystallite size of WC
phase has been estimated to be around 16 nm.
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