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In this study a novel approach, termed the integrated mechanical and thermal activation
(IMTA) process, was used to synthesize nanostructured WC-Co powder. As a result of the
integration of mechanical and thermal activation, nanostructured WC-Co powder was
synthesized below 1000◦C, starting from WO3, CoO and graphite powder mixtures.
Furthermore, consolidation of the nanostructured WC-Co powder via high velocity oxy-fuel
(HVOF) thermal spraying and solid state sintering was investigated. The results
demonstrated the feasibility of converting the nanostructured WC-Co powder to coatings
and bulk components, the properties of which are either comparable to or better than that
of the conventional coarse-grained counterparts. C© 2002 Kluwer Academic Publishers

1. Introduction
As a result of extremely fine microstructure, nanostruc-
tured materials have long been recognized to have re-
markable and technologically attractive properties [1].
On one hand, ultrafine grains can endow the material
with improved hardness and strength, as anticipated
from the well-known empirical Hall-Petch relationship;
on the other hand, the increased volume fraction of
grain boundaries may enhance the toughness and duc-
tility of the material. For this reason, higher hardness
has been achieved in nanostructured materials, such as
WC-Co cermets, without degradation of the toughness
[2]. WC-Co is a technologically important composite
material and has been widely used as cutting tools, rock
drills, punches and wear-resistant coatings [3]. Thus,
realization of the potential of nanostructured WC-Co
materials will have technological and economical im-
pacts on industry. This turns out to be one of the driving
forces for the fast growing technologies for synthesiz-
ing nano-phase WC/Co powder, such as mechanical
alloying [4, 5] and chemical processing [6, 7].

The integrated mechanical and thermal activation
(IMTA) process has been developed as a viable tech-
nique for producing large quantities of nanostructured
carbides (e.g. SiC and TiC) [8–11] and nitrides (e.g.
Si3N4, CrN and TiN) [12–14]. This new process com-
bines mechanical and thermal activation to enhance the
formation of carbides and nitrides. The basic form of
the IMTA process is to mechanically activate reactants
(usually a mixture of oxide and graphite powder) at
room temperature through high energy milling (the me-
chanical activation step), followed by completing the
synthesis reaction at high temperatures (the thermal
activation step). Because of the mechanical activation
at ambient temperature, the synthesis reaction of the
IMTA process can be carried out at much lower tem-

peratures and/or shorter time than those used in the
conventional method for making coarse-grained car-
bides and nitrides. This in turn leads to the formation
of nanostructured nitrides and carbides.

In this article, we describe highlights of synthesiz-
ing nanostructured WC-Co powder using the IMTA
process. The method for obtaining nano-phase WC-Co
powder with no free carbon or a controlled amount of
free carbon has been studied. The feasibility of con-
solidating the nano-phase WC-Co powder using ther-
mal spraying and solid state sintering has also been
investigated.

2. Experimental procedures
The starting materials for preparing the powder mixture
were tungsten trioxide (WO3) powder (99.8%, 10–20
micrometers), graphite powder (99.9%, −100 mesh)
and cobalt oxide (CoO) powder (99%, −325 mesh).
The powder mixture prepared contained WO3, C and
CoO with a molar ratio of 1:2.4:0.7 in order to form
a final product of WC + 18wt%Co + 5.3wt%C. This
powder mixture was high energy milled for different
times using a modified Szegvari attritor [15] in argon.
The canister of the attritor was made of a stainless steel
and the charge, consisting of WC balls with a diameter
of 4.76 mm and the powder mixture, was agitated by
WC arms radiating from a central rotating WC-coated
stainless steel shaft. The ball-to-powder weight ratio
was 60:1 and a milling speed of 600 RPM was em-
ployed.

The mechanically activated (high energy ball milled)
powder was subsequently subjected to thermal activa-
tion. Thermal activation was carried out by heating the
milled powder at 650◦C for 2 h in a gas mixture of H2
(PH2 = 0.5 atm) and Ar (PAr = 0.5 atm), followed by
ramping to 1000◦C and holding at this temperature for
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2 h in pure argon (PAr = 1.0 atm). As will be shown
later, free carbon is often present in the nanostructured
WC-Co powder obtained from the IMTA process be-
cause of the extra carbon added at the beginning of the
process. Furthermore, free carbon may be needed for
thermal spraying of WC-Co coatings (to be discussed
more in Section 3.2). Thus, to control the free carbon
concentration in the as-synthesized WC-Co powder, a
gas mixture of CO/CO2 was used to purify the powder
at a chosen temperature after the thermal activation.

To investigate the feasibility of consolidating the re-
sulting nano-phase WC-Co powder, high velocity oxy-
fuel (HVOF) thermal spraying and free sintering were
used to prepare coatings and bulk samples respectively.
Before thermal spraying the nano-phase powder was
agglomerated using methyl cellulose in order to sat-
isfy the particle size requirement in thermal spraying.
WC-Co coatings were sprayed on a blasted mild steel
surface with a Jet-Kote spraying gun. Hydrogen was
used as the fuel gas with argon as the powder car-
rier gas. Other spraying parameters can be found in
Table I. The bulk WC-Co samples were obtained by
uniaxial cold pressing of the nano-phase powder, fol-
lowed by free sintering at 1280◦C for 2 hours in an argon
atmosphere.

Phase identification in the as-synthesized powder and
the consolidated samples was carried out employing
X-ray diffraction (XRD) with Cu Kα radiation (Bruker
Axs D5005D X-ray Diffractometer). The average grain
sizes of the powder and the consolidated samples were

T ABL E I Parameters employed during HVOF spraying

Spray parameter Value

Powder feed rate 20 g/min
Spraying distance 20.3 cm
Oxygen pressure 0.689 MPa
Hydrogen pressure 0.689 MPa
Ratio of O2 to H2 flow rate 0.5

Figure 1 XRD patterns of powder mixture milled for various times in argon.

estimated based on XRD peak broadening using the
Scherrer formula with consideration of internal strain
[16]. The grain size of the nano-powder was also ex-
amined using an analytical transmission electron mi-
croscope (TEM, Philips EM420). The carbon content
in the WC-Co powder was determined using the car-
bon determinator (mode WR-12 LECO Corp.). Mor-
phology of the powder was examined utilizing SEM
(Philips, ESEM 2020). The densities of the sintered
samples were measured on the basis of Archimedes’s
principle [17]. Vickers microhardness tests were per-
formed on both sintered samples and coatings using a
LECO DM-400FT hardness tester with a 300-g load
and a dwell time of 20 seconds. The microhardness
value reported is the average of 5 indentations.

3. Results and discussion
3.1. Powder synthesis
Fig. 1 shows XRD patterns of the powder mixture be-
fore milling and milled for different times at ambient
temperature. It can be seen that the starting materials
of WO3, CoO and graphite are crystalline. With the in-
crease of milling time, some distinct features can be
identified. First, the intensity of graphite peaks was
substantially reduced in 6-hours of milling, which is
believed to be caused by the amorphization of graphite
[15]. Second, the intensity of WO3 peaks decreases
with increasing of milling time and the remaining re-
flections of WO3 exhibit broadening, suggesting the
reduced crystallite size and/or the introduction of the
internal strain due to ball milling. Third, the peak broad-
ening and intensity decrease also occur for CoO, again
suggesting the reduced crystallite size and/or the intro-
duction of internal strains.

SEM images of the starting and milled powder mix-
tures are shown in Fig. 2. It can be seen that the sizes
of WO3, CoO and C powders are all reduced to the
submicrometer range in just 3 hours of milling, that
is, a reduction of particle size from about 40 µm to
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Figure 2 SEM images of WO3-CoO-graphite powder mixtures with (a) no milling, (b) milling for 3 hours, (c) 6 hours, and (d) 12 hours.

0.3µm. However, beyond the 3 hours of milling little
change in the particle size occurs as shown in Fig. 2.
The crystallite size of WO3 in the powder mixture as
a function of milling time was estimated according to
peak broadening of the XRD pattern and is presented in
Fig. 3. It can be seen that the crystallite size of WO3 has
reached nanometer scales with only 3 hours of milling
and changed little beyond 9 hours of milling.

From the XRD and SEM examination we can, there-
fore, conclude that the powder mixture with high energy
milling has fine particle sizes, large specific surface ar-
eas, amorphous carbon and a higher free energy due
to the smaller crystallite sizes and internal strain than
the powder mixture prior to milling. These features can
significantly enhance the reaction kinetics via increased
diffusivities and reaction areas. Furthermore, these fea-
tures may also increase the reactivity of the reactants
by increasing their free energies, as we recently found
in synthesizing nanostructured SiC powder using the
IMTA process [18]. Thus, this mechanically activated
powder mixture is very suitable for the subsequent low
temperature thermal activation that will generate nanos-
tructured WC-Co.

The thermal activation consists of two sequential re-
action stages; one being the reduction of WO3 to W
and the other the carburization of the reduced powder.

Figure 3 The crystallite size of WO3 in the powder mixture as a function
of milling time.

Fig. 4 is XRD patterns of the powder mixture milled
for 6 h, followed by annealing at 650◦C for 2 h in a
gas mixture of H2 and Ar (PH2 = PAr = 0.5 atm), then
holding at 1000◦C for 2 h in pure Ar (PAr = 1.0 atm). It
can be seen from Fig. 4a that WO3 has been completely
reduced to W at 650◦C, which is lower than the tem-
perature used in the reduction stage of the conventional
process for making coarse-grained WC [19]. Based on
the peak broadening, the average crystallite size of W
is estimated to be about 18 nm, suggesting that the
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Figure 4 XRD patterns of the powder mixture milled for 6 h, followed by (a) annealing at 650◦C for 2 h in the gas mixture of H2 and Ar
(PH2 = PAr = 0.5 atm), and (b) subsequently holding at 1000◦C for 2 h in pure Ar (PAr = 1.0 atm).

Figure 5 (a) TEM and (b) SEM image of the as-synthesized WC-Co powder, showing nanometer-sized grains within submicrometer-sized particles.

fine-scale microstructure in the as-milled powder is re-
tained in the reduced powder. Interestingly, an interme-
diate compound Co3W is formed in the reduction stage,
which is not reported in any other synthesis routes. The
reduced powder can be fully converted to WC-Co at
1000◦C in a pure argon atmosphere, as indicated in
Fig. 4b. All the peaks can be attributed to WC and Co,
and there are no complex carbide phases detectable in
the XRD pattern. Again, based on the peak broaden-
ing the crystallite size of the WC formed is estimated
to be around 30 nm, which is confirmed by the TEM
examination as shown in Fig. 5a. The general morphol-
ogy of the WC-Co powder obtained is shown in Fig. 5b
which reveals that the particle size of the WC-Co pow-
der is in the range of 0.3 to 0.5 micrometers. Thus, the
WC-Co powder prepared from the IMTA process has
submicrometer-sized particles with nanoscale grains.

The typical carburization temperature in the con-
ventional process for making coarse-grained WC-Co
powder is in the range of 1400–1600◦C [20]. Our re-
sults clearly show that the carburization temperature
required to fully convert the reduced powder to WC-
Co is much lower than that in the conventional pro-
cess. Accordingly, it is reasonable to suggest that the
key factor enabling the formation of the nanostructure
is the low WC formation temperature at which the
grain growth can be inhibited significantly. The low
formation temperature is made possible through the
mechanical activation prior to the thermal activation.
The latter is also necessary because WC and Co can-
not be formed by prolonged milling of WO3, CoO and
C mixtures at ambient temperature. Thus, because of
the integration of the mechanical and thermal activa-
tion nanostructured WC-Co can be prepared from low
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cost materials at low temperatures with short processing
times. The IMTA process, therefore, offers a promis-
ing cost-effective approach for large-scale fabrication
of nanostructured WC-Co powder.

3.2. Control of free carbon concentration
in nano-phase WC-Co powder

Free carbon is always a concern in making bulk ce-
mented carbides and thermally sprayed coatings. Free
carbon is generally considered detrimental to the me-
chanical properties of sintered WC-Co since the pres-
ence of free carbon reduces the hardness and wear re-
sistance. However, it is found that in thermal spraying
an addition of small amounts of graphite to the start-
ing WC-Co powder may suppress the WC decomposi-
tion to a certain extent [21, 22]. Thus, it is necessary
to adjust the free carbon concentration in nano-phase
WC-Co powder, depending on the application desired.
Free carbon is often present in the nanostructured WC-
Co powder obtained using the IMTA process because
of the extra carbon added at the beginning of this pro-
cess. In order to fully realize the potential of the IMTA
process for making sinterable and sprayable nanostruc-
tured WC-Co powder, we have utilized a gas mixture
of CO and CO2 to control the amount of free carbon.
As will be shown below, the free carbon concentra-
tion in the nanostructured WC-Co powder can be con-
trolled by subjecting the as-synthesized nano-powder
to a CO/CO2 treatment.

Fig. 6 shows the domain of existence for pure W2C,
pure WC and WC with free carbon that were calculated
assuming the following reactions:

C + CO2 = 2CO (1)

2WC + CO2 = W2C + 2CO (2)

The thermodynamic data were obtained from
Ref. [23]. The shaded region in Fig. 6 gives the
suitable combination of the partial pressure of CO
(PCO + PCO2 = 1.0 atm) and temperature for eliminat-
ing the free carbon without decarburization of WC to
W2C. This theoretical prediction was confirmed by ex-
periment. Fig. 7 shows weight percentage of free carbon
as a function of annealing time at 740◦C in a gas mixture
of CO and CO2 with PCO = PCO2 = 0.5 atm. This con-
dition is located in the middle of the shaded area, as

Figure 6 Domains of existence for pure WC, W2C and WC with free
carbon. The open dot marked in the map is the experimental condition
used to reduce the free carbon concentration in the powder mixture.

Figure 7 Weight percentage of free carbon in the WC-Co powder as a
function of annealing time at 740◦C in a gas mixture of CO and CO2

(PCO = PCO2 = 0.5 atm).

marked in Fig. 6. The initial free carbon concentration
in the as-synthesized WC-Co powder is 5.4 wt%, and
nearly all the free carbon is gasified within 75 minutes.
This result suggests that nano-phase WC-Co powder
with various levels of free carbon can be obtained by
adjusting the duration of the CO/CO2 treatment.

3.3. Thermal spraying of nano-phase
WC-Co

High velocity oxy-fuel (HVOF) thermal spraying is
the most common spraying technique used for prepar-
ing WC-Co coatings because HVOF spraying has been
proved to be a better method than air plasma spray-
ing (APS) for retaining a larger fraction of WC and
reducing porosity in WC-Co coatings. This is widely
attributed to lower temperatures and higher kinetic en-
ergy experienced by the powder particles in HVOF
compared with APS [24, 25]. In this study the pow-
der feedstock containing 5 wt% free carbon is chosen
for the HVOF thermal spray evaluation. Fig. 8 shows
the XRD pattern of the powder before thermal spraying
and the as-sprayed coating. It is clear that before ther-
mal spraying, only WC and Co peaks are detectable in
the powder. However, additional crystalline reflections,
corresponding to W2C and W phases, are present in the
coating, suggesting the occurrence of decarburization
during thermal spraying. Another distinct feature of the
XRD pattern for the coatings is the absence of the Co
phase. Moreover, the XRD pattern of the coating ex-
hibits a broad diffraction halo between 2θ values of ap-
proximately 37◦ and 47◦. It has been reported that this
broad, shallow peak is associated with the formation
of amorphous and/or nanocrystalline phases contain-
ing tungsten, cobalt and carbon [26–29]. The fact that
the cobalt peaks are detected in the powder particles and
not in the coating suggests that most of the cobalt in the
coating is retained in the amorphous and/or nanocrys-
talline phases.

Calculation of the coating grain size on the basis of
the peak broadening of the XRD pattern suggests that
the WC grain size increases slightly during thermal
spraying, that is, an increase from 30 nm in the powder
to 45 nm in the coating. This is consistent with the fact
that the powder particles experience low temperatures
and a short dwell time during HVOF thermal spraying.
Both low temperatures and short dwell times help
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Figure 8 XRD patterns of (a) the powder and (b) the as-sprayed coating.

to preserve the nanocrystalline structure in the final
coating [29].

The Vickers microhardness of the as-sprayed coat-
ing exhibits an average value of 10.56 GPa (HV300g).
This result is comparable to that of the conventional
or nanostructured WC-Co coatings reported from the
literature [30, 31]. The factors that determine coating
hardness are complex and the volume fraction of the
retained WC is generally considered to be one of the
most important factors [29]. During thermal spraying,
WC particles could undergo decarburization, resulting
in the reduction of the volume fraction of the WC phase.
The nanocomposite powder is expected to suffer greater
levels of decarburization than the conventional coarse-
grained powder because of the higher surface area per
unit volume of particles. Accordingly, less WC is ex-
pected to retained in the nanostructured coating unless
different thermal spraying conditions are used. The fact
that the Vickers hardness of the nanostructured coat-
ings obtained in this study is comparable to that of the
conventional coarse-grained coatings may result from
a combination of fine grain sizes (∼45 nm) and the
low volume fraction of the retained WC phase in the
nanostructured coatings. The low volume fraction of
the retained WC phase could cancel the benefit of the
small grain size. For this reason, optimization of the
thermal spraying process is required if the potential
of the nanostructured WC-Co coatings is to be real-
ized. Nevertheless, the current results indicate that the
nano-phase WC-Co powder synthesized by the IMTA
process can be used as powder feedstock for generating
nanostructured coatings.

3.4. Powder consolidation via sintering
To further extend the application of the nano-phase
WC-Co powder, the sinterability of this powder has
been investigated. The sinterability of WC-Co can be
influenced by many factors among which the carbon
content is often emphasized. On one hand, low carbon

content would result in the difficulty of maintaining
stoichiometric WC, thereby leading to the formation
of the η phase (e.g. Co3W3C and Co6W6C). On the
other hand, an excess of carbon results in the presence
of free carbon which would affect the sintering pro-
cess. Furthermore, the presence of η phase and free
carbon is detrimental to mechanical properties of sin-
tered WC-Co [20]. Thus, the nano-phase WC-Co pow-
der for sintering application should be stoichiometric.
By using the CO/CO2 treatment, the concentration of
free carbon in the nano-powder has been kept below
0.05 wt% for the sintering application. The prelimi-
nary study on sinterability has focused on free sin-
tering of the nano-phase powder without addition of
grain growth inhibitors. The relative densities of green
bodies and sintered samples (A and B) are given in
Fig. 9. It shows that rapid densification of the nano-
phase WC-Co powder can occur at 1280◦C, which is
40◦C below the eutectic temperature of the correspond-
ing W-Co-C system. This is consistent with the concept
that nanomaterials can be sintered at lower tempera-
tures than that used for coarse-grained powders [32]. It
is also noted that the final density exhibits strong de-
pendence on the green body density. Fully dense WC-
Co sample is achieved from a green body which has a
high relative density (∼65% of the theoretical density),
while the green body with 38% of the theoretical only
leads to a sintered body with a 95% of the theoretical
density.

The average Vickers microhardness of Sample B
(WC-18wt%Co) is 14.71 GPa (HV300g). This value
is substantially higher than that of the conventional
coarse-grained bulk WC-20wt%Co (10.3 GPa) re-
ported by Jack [3] and WC-15wt%Co (10.5 GPa) pre-
pared from mechanical alloyed WC-Co powder by Mi
and Courtney [4]. In fact, the hardness of Sample B is
comparable to that of WC cermets that contain less Co
such as WC-10wt% Co reported by Jack (15.94 GPa)
[3] and Jia et al. (12.55 GPa) [2]. SEM examination of
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Figure 9 Relative densities of WC-Co green bodies and bulk samples
sintered at 1280◦C for 2 hours.

the microstructure has revealed that the WC grain size
has increased to 0.9 µm during the sintering. The rapid
grain growth may be controlled by addition of grain
growth inhibitors, such as VC, Cr3C2, TaC or their com-
binations [33], or by conducting the sintering at lower
temperatures with the aid of hot isostactic pressing [34].
With the control of grain growth, it is reasonable to ex-
pect that further improvements in microhardness can
be achieved for the nanostructured WC-Co bulk parts.
Hence, the current results clearly demonstrate the po-
tential of converting the nano-phase WC-Co powder
synthesized via the IMTA process to hard metals with
improved properties.

4. Concluding remarks
Nanostructured WC-Co powder has been successfully
synthesized using an integrated mechanical and thermal
activation process. The resulting powder has a narrow
particle size distribution (0.3–0.5 µm) and the crystal-
lite size of the WC phase is about 30 nm. The feasibility
of consolidating the nano-phase powder using high ve-
locity oxy-fuel (HVOF) and solid state sintering has
been demonstrated. The average Vickers microhard-
ness of the thermally sprayed coatings is 10.56 GPa
(HV300g), which is comparable to that of the conven-
tional coarse-grained WC-Co coatings. Fully dense
WC-18wt%Co bulk samples with an average Vickers
microhardness of 14.71 GPa (HV300g) has been ob-
tained via solid state sintering of the nano-phase pow-
der. This hardness value is substantially higher than that
of conventional WC-20wt%Co materials and compa-
rable to the hardness of conventional WC-10wt%Co
materials. These results demonstrate the feasibility of
converting the nano-phase WC-Co powder synthesized
via the IMTA process to coatings and bulk compo-
nents, the properties of which are either comparable to
or better than that of the conventional coarse-grained
counterparts. Since optimization of the consolidation
condition has not been carried out yet, it is expected
that further improvements in mechanical properties are
possible with optimization of processing conditions.
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