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In this paper the possibility of production of nanocrystalline WC single-phase by mechanical milling has been investigated. The
raw materials containing tungsten and carbon with WC as nucleation were milled in a planetary ball mill and sampled in different
times. Studies showed that after 75 hours of milling the WC with W2C was produced and remained constant in higher milling
time. Adding WC to raw materials at the beginning process leads to the fact that after 50 hours of milling only WC was synthesized
without undesirable W2C phase. This material remained stable until higher times of milling too. From broadening of XRD peaks,
the crystalline size in synthesized WC was estimated in nanometer scale which lower than the system containing primary WC, and
it means that the strain in this system was lower than first system.

1. Introduction

Tungsten carbide (WC) is an inorganic chemical compound.
In its most basic form, it is a fine gray powder, but it can be
pressed and formed into shapes for use in industrial machin-
ery, tools, abrasives, as well as jewelry due to high hardness
(2600 HV), good toughness, high melting point (2780◦C),
high wear resistance, suitable resistance in thermal shock,
and good thermal conductivity. Also natural resistance to
oxidation and corrosion of this material at high temperature
cause the increase usage of this material as coating in high
temperature [1–6].

Tungsten carbide can be prepared by reaction of tungsten
metal and carbon at 1400–2000◦C under vacuum or inner
gas with high purity, is the conventional method for
production of this material but this process which still needs
high cost [2, 7]. Other methods include a patented fluid
bed process that reacts either tungsten metal or blue WO3

with CO/CO2 mixture and H2 between 900 and 1200◦C [8].
In addition to self-propagating techniques, organometallic
precursor, solution state, and electrochemical methods have
been utilized for production of this carbide, but each of these
methods has their specific advantages and disadvantages
[9]. Due to limitations for synthesizing this material with

traditional methods (mentioned above) and considering the
fact that range of tungsten carbide in the phase diagram is
narrow, mechanical milling can be a suitable method for
production of this in nanometer scale [8, 10].

There are two well-characterized compounds of tungsten
and carbon, WC and tungsten semicarbide, W2C. Usually
during the production process of tungsten carbide, WC and
W2C are synthesized together [2, 10–13]. Presence of W2C
with WC can reduce mechanical and tropological properties
of final materials [14–16]. According to this phenomenon,
this paper has tried to synthesize nanocrystalline via mechan-
ical milling.

2. Experimental

In this work, powder mixture of tungsten, amorphous
carbon black as carbon source, and tungsten carbide with
purity and mean particle size of >99.5% and 1 μm, >99%
and 0.5 μm, and >99% and 1 μm have been examined. These
materials were milled in a high-energy ball mill as high
energetic ball mill by stoichiometric ratio (W + C = WC).
The sampling has been done at 1, 10, 50, 75, 100, and 150
hours. For protecting materials from oxidation, the argon gas
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with purity of 99.99% and pressure of 250 kPa was charged
in cup of ball mill. The used cup and balls made from high
chrome stainless steel. The ratio of balls to powder was 1 : 10
and from 4, 3 and 3 balls of 21, 16, and 10 mm, respectively
was used in all of tests.

For determination of phase type and synthesized compo-
nents as well as calculation of crystalline size from Scherrer
and Williamson-Hall methods [17, 18], XRD instrument
(Siemens model) with voltage and current of 25 mA and
30 kV was employed, respectively. Type of X-ray in this device
was Cukα with wave length of 1.5405 Å. For determination
of full-width at half-maximum (FWHM), PANalytical X’Pert
HighScore software was used. X’Pert HighScore uses the
Pseudo-Voigt profile function, which is the weighted mean
between a Lorentz and a Gauss function:
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where C0 = 4, C1 = 4 × ln 2, Hk is FWHM of the
kth Bragg reflection, and Xik = (2θi − 2θk)/Hk. γ is
a refinable mixing parameter describing the amount of
Gaussian profile versus the amount of Lorentzian profile, and
thus describing the overall profile shape. Finally for studying
of the microstructure of the material, transmission electron
microscope (TEM) with the voltage of 25 kV was used.

3. Results and Discussions

X-ray patterns of samples containing tungsten and carbon,
which were milled to 150 hours, are presented in Figure 1.
As it can be seen in this figure, to 50 hours, milling did
not affect the type of phases and the tungsten was the only
phase that appears in patterns. As it can be noted, since the
carbon source was selected in amorphous form, the carbon
peak cannot be seen in the diffraction pattern. However,
due to egregious differences between the mass absorption
coefficients (MACs) of tungsten and carbon (172.07 cm2/gr
versus 4.30 cm2/gr), even if the carbon was not amorphous,
the possibility of detecting of the carbon peaks has been
very weak. From this figure, it is obvious that by increasing
the ball milling time, the peaks of materials were broadened
slightly, that is, by increasing the time the crystalline size has
been reduced. Also by increasing the milling time, area of the
under peak 100 of tungsten (100) was reduced that illustrates
the gradual consumption of raw materials (Figure 2) [18].

By increasing the milling time reaching 75 hours, the
carbide tungsten peaks containing WC and W2C with
tungsten appear (Figure 1). After 100 hours of milling,
tungsten peaks disappeared completely, and the amount of
WC phase was increased too. From mentioned software,
the ratio of visible material in X-ray diffraction pattern in
Figure 1 has been calculated. These pieces of information
are listed in Table 1. However, by increasing the time, the
ration of amount of WC to W2C was raised, but in 150 hours
the W2C phase was not been eliminated from synthesized
materials.

In order to eliminate the undesirable W2C phase from
the synthesized materials, 1% wt. of WC with stoichiometric
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Figure 1: X-ray patterns of samples contain tungsten and carbon
which were milled from 1 to 150 hours W(+), WC(∗), W2C(∧).
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Figure 2: The change of area of under peak 100 of tungsten versus
milling time.

ratio of W and C was charged as the raw materials in cup
of ball mill. The results of X-ray pattern from the mixed
materials up to 150 hours are showed in Figure 3. As it is
obvious, to 10 hours of milling time, tungsten peaks were
only phases observed in these patterns. Similar to previous
mixture, by increasing the time of milling, the broadening
of peaks was increased slightly and the area under peak 100
(Figure 2) was decreased. As it can be seen in Figure 2, the
area under peak 100 in the sample contains 1% wt. WC is
smaller than the other system. Since the mass adsorption
coefficient of WC (161.78 cm2/gr) is smaller than W, hence
the intensity of peaks and area under the peaks of sample
which contains WC were smaller than first mixture. Milling
up to 50 hours could cause the synthesizing of monocarbide
tungsten partially with primary W. By increasing the milling
time, the W has been reduced while the amount WC was
increased that in time of 100 hours the peak trace of W
disappeared and the only visible peak belongs to WC. The
WC phase until 150 hours remained stable and did not
show any changes. Quantity of phases in final composition,
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Table 1: The ratio of visible material in X-ray diffraction pattern.

1 10 50 75 100 150

W–C system
W 1.000 1.000 1.000 0.228 — —

WC — — — 0.161 0.549 0.581

W2C — — — 0.611 0.451 0.419

W–C–WC system
W 1.000 1.000 0.936 0.544 — —

WC — — 0.064 0.456 1.000 1.000

W–C–Al2O3 system
WC — — — — — 0.785

W2C — — — — — 0.215

according to X-ray pattern and mentioned software, are
listed in Table 1. As it was mentioned previously, with
reducing the synthesis time, WC was produced which can be
attributed to the following phenomena.

(1) Formation of tungsten carbide from tungsten and
carbon can be divided into three stages: first nucle-
ation, second growth of these nucleations (grain
growth), and finally reaching grains of each other
and stop their growth. In a mixture containing WC,
it can be said that all or part of the first-mentioned
stage has happened, so at the end of process the
materials which from all raw materials should have
been reduced [19].

(2) The presence of the hard ceramic phase such as
WC accelerates the rate at which the milling process
reaches completion. Also these particles increase local
deformation which improves the particle welding
process. Beside this, the higher local deformation
imposed by reinforcement particles increases the
deformation hardening, which itself helps the frac-
ture phenomenon. The small hard brittle particles in
the matrix act as small milling agents, which lead to
reduce the steady state milling time [20].

(3) From thermodynamic viewpoint, one can conclude
that the stability of WC and W2C phases at each
temperature is expected regarding the Ellingham-
Richardson diagram of these two materials in
Figure 4 [21]. On the basis of this figure, W2C is
stable at temperature over 1515◦K, and below this
point WC is stable instead. Hence in a mixture con-
taining tungsten and carbon at temperature higher
than critical value, the W2C phase was synthesized
and has been cooled in a nonequilibrium manner
and can be expected W2C as remained phase in final
components too. But in a mixture which contains
primary WC, some amount of heat from reaction
between tungsten and carbon was adsorbed by this
carbide and then the temperature did not reach a
critical value. Hence, all of synthesized phases were
monocarbide tungsten.

If 2nd and 3rd hypotheses were corrected, then this
treatment should be applied by adding of other additives.
For proving of theses hypotheses, 1% wt. α-alumina was
added to a mixture of tungsten and carbon and these
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Figure 3: X-ray patterns of samples contain W, C, and WC which
were milled from 1 to 150 hours W(+), WC(∗).
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Figure 4: Ellingham-Richardson diagram of WC and W2C phases.

materials milled to 150 hours with the former experimental
conditions. X-ray diffraction pattern of this mixture and
amount of produced phases are shown in Figure 5 and
Table 1, respectively. Despite the formation of W2C in the
final composition, the amount of this phase in the present
mixture was much less than the mixture without any additive
which can be confirmed in the mentioned hypotheses.

In Figure 6, Williamson-Hall curve for determination
crystalline size and mean strain of synthesized WC phase
are shown. The results of this figure are listed in Table 2.
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Table 2: Crystalline size and mean strain of synthesized WC.

Time (hr)
y = ax + b

crystalline size (nm) mean strain (%) Determination Method
a b

W–C mixture

75 — — 69.21 0.71 Scherrer

100 0.018 0.004 39.60 1.80 W–H

150 0.025 0.007 20.09 2.51 W–H

W–C–WC mixture

75 0.015 0.003 46.20 1.50 W–H

100 0.020 0.005 30.13 1.97 W–H

150 0.031 0.017 8.35 3.06 W–H

W–C–Al2O3 Mixture

150 0.026 0.008 18.00 2.57 W–H
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Figure 5: X-ray patterns of samples containing 1% wt. α-alumina.
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Figure 6: Williamson-Hall curve for determination crystalline size
and mean strain of synthesized WC phase

As it can be seen in Table 2 and Figure 7, the range of
this carbide is in nanometer scale (8–69 nm) where by
increasing the milling time, the crystalline size is reduced
and mean strain increased. Furthermore, the crystalline
size of mixture containing WC and Al2O3 was smaller
than the system without additive. This fact confirms the
mentioned hypotheses. Also the mean strain in this system
became higher than first system which had higher reaction
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Figure 7: The change of crystalline size and mean strain of WC
versus milling time.

50 nm

Figure 8: The TEM micrograph of samples with primary WC
milled for 150 hours.

temperature and hence produce lower mean strain. The TEM
microstructure of sample with primary WC milled for 150
hours is presented in Figure 8. This micrograph confirms the
nanometer scale of the particles. Also it confirms the results
of Williamson-Hall method.
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4. Conclusion

By adding of WC to the mixture of tungsten and carbon
black, it can lead to synthesized WC. However, the synthesis
time has been reduced significantly. This phenomenon can
be attributed to the reduction of microscopic temperature
in raw material mixture and thereby the production of WC
as a low temperature phase. Also adding WC can act as
small ball mill which helps the milling process. The existence
of primary WC as nucleation could be another reason for
this phenomenon. By increasing the time of milling, the
synthesized carbide crystalline was fine in the scale of nano-
meter (8–70 nm) and the mean strain of the system was
increased.
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